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Enamel damage and demineralisation are common complications associated with 
fixed orthodontic appliances. In particular, the clean-up of adhesive remnants after 
debonding is a recognised cause of enamel damage. Furthermore, fixed 
attachments offer retentive areas for accumulation of cariogenic bacteria leading to 
enamel demineralisation and formation of white spot lesions (WSLs). Bioactive 
glasses may be used to remove adhesives, preserving the integrity of the enamel 
surface, while also having the potential to induce enamel remineralisation, although 
their efficacy in both respects has received little attention.  
A systematic review evaluating the remineralisation potential of bioactive glasses 
was first undertaken. No prospective clinical studies were identified; however, a 
range of in vitro studies with heterogeneous designs were identified, largely 
providing encouraging results. 
A series of glasses was prepared with molar compositions similar to 45S5 (SylcTM; 
proprietary bioactive glass) but with constant fluoride, reduced silica and increased 
sodium and phosphate contents. These glasses were characterised in several tests 
and the most promising selected. This was designed with hardness lower than that 
of enamel and higher than orthodontic adhesives. Its effectiveness in terms of 
removal of composite- and glass ionomer- based orthodontic adhesives was 
evaluated against SylcTM and a tungsten carbide (TC) bur. This novel glass was 
subsequently used for remineralisation of artificially-induced orthodontic WSLs on 
extracted human teeth. 
The novel glass propelled via the air-abrasion system selectively removed 
adhesives without inducing tangible physical enamel damage compared to SylcTM 
and the conventional TC bur. It also remineralised WSLs with surface roughness 
and intensity of light backscattering similar to sound enamel. In addition, mineral 
deposits were detected on remineralised enamel surfaces; these acted as a 
protective layer on the enamel surface and improved its hardness. This layer was 
rich in calcium, phosphate, and fluoride; 19F MAS-NMR, confirmed the formation of 
fluorapatite. This is particularly beneficial since fluorapatite is more chemically 
stable than hydroxyapatite and has more resistance to acid attack. Hence, a 
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Fixed appliances have been used since the early 20th century to predictably produce 
orthodontic alignment of improperly positioned teeth. These consist of bands and 
brackets, which are temporarily bonded to the teeth by orthodontic adhesives 
(Singh, 2008). There are, however, a number of risks associated with treatment with 
enamel loss and demineralisation being among the more common and significant 
(Phulari, 2013).  
 
Several factors may predispose to or cause enamel loss during or after fixed 
orthodontic treatment. The clean-up procedure after removal of attachments is 
regarded as the most significant cause of enamel loss (Knösel et al., 2010; Pont et 
al., 2010). Various methods have also been proposed for clean-up of residual 
orthodontic bonding materials from enamel. However, no technique has yet proven 
effective in the complete and efficient removal of residual adhesive, without inducing 
even a minor amount of enamel loss (Bonetti et al., 2011; Janiszewska-Olszowska 
et al., 2014). 
 
Enamel demineralisation, also known as white spot lesions (WSLs), have been 
reported in up to 96% of orthodontic patients. Their development during fixed 
orthodontic treatment relates to impeded ability to clean teeth effectively due to the 
presence of attachments, resulting in food stagnation and plaque accumulation. 
Moreover, the roughened surfaces of residual adhesive bonding materials around 
orthodontic brackets lend themselves to bacterial attachment. This is further 
aggravated by the fact that most orthodontic patients are adolescents, who are at 
increased risk due to the susceptibility of newly erupting teeth to acid attack (Mayne 
et al., 2011; Srivastava et al., 2013). A number of materials and techniques have 
been used to inhibit and remineralise white spot lesions. However, a material or 
technique that entirely cures white spot lesions does not exist (Chambers et al., 
2013).  
 
In recent years, air-abrasion has shown promise in the removal of residual adhesive 
bonding materials from sound enamel surfaces. Banerjee et al. (2008) reported 
enamel loss with air-abrasion in an in vitro study but highlighted that the bioactive 
glass powder (45S5) induced less enamel loss than either alumina air-abrasion or 
tungsten carbide burs. Furthermore, Milly et al. (2015) used the same glass powder 





conditioning and application of either a slurry from the same glass powder or a 
paste involving glass powder and polyacrylic acid for 21 days. This in vitro study 
demonstrated remineralisation of WSLs but there was an increase in the surface 
roughness of remineralised enamel. Therefore, there remains a need to improve the 
properties of bioactive glasses to facilitate safe and efficient removal of residual 





2. LITERATURE REVIEW 
2.1. Orthodontic treatment 
Orthodontics has been defined as the branch of dentistry concerned with facial 
growth, development of the dentition and occlusion, and treatment of occlusal 
irregularities to improve facial appearance and occlusal function, and to create 
better dental health and improved aesthetics (Walther, 1994; Phulari, 2013). 
Orthodontic treatment, like many other interventions, has inherent risks and 
complications, but the advantages it offers should outweigh any potential risk. The 
chief risks of treatment include root resorption, loss of periodontal support, white 
spot lesions (WSLs), and soft tissue damage (Mitchell, 2007). 
 
In general, orthodontic appliances can be classified into four types, which can be 
used either singly or in combination. These include:  
i) Removable orthodontic appliances 
ii) Fixed orthodontic appliances 
iii) Functional appliances 
iv) Extra-oral appliances 
 
Of these, fixed orthodontic appliances form the mainstay of comprehensive 
treatment with a proven ability to impart three-dimensional control of orthodontic 
tooth movement, and to deliver the applied force precisely (Walther, 1994; Phulari, 
2013). 
 
2.2. Fixed orthodontic appliances 
The “E” arch was the first fixed orthodontic appliance, designed by Edward Angle in 
the early 1900s, and has since been superseded by the standard edgewise 
appliance before this was replaced by the pre-adjusted edgewise (or Straight Wire) 
appliance, developed by Lawrence Andrews in the 1970s. Thereafter, the concept 
of this appliance has been modified by Roth (1976) without changing the basic 
principles (Walther, 1994; Phulari, 2013), and it is now widely-used internationally 
(Keim et al., 2014). Since fixed appliances adhere both mechanically and chemically 






2.3. Orthodontic attachments 
These appliances consist of passive components (bands, brackets, buccal tubes 
and lingual attachments), and active components (arch wires, springs and elastics). 
The passive components are fixed to the teeth using different adhesive bonding 
materials, whereas active components apply forces via the passive components to 
the teeth (Walther, 1994; Mitchell, 2007; Phulari, 2013). 
 
Before the introduction of acid-etch techniques, bands were used to attach brackets 
and any auxiliaries to the teeth. These brackets were welded over the bands, which 
were either custom-made or preformed, from soft stainless steel and cemented 
around the tooth (Wahl, 2005). As modern bonding techniques have been 
developed, direct bonding of brackets to the teeth became common, reducing 
gingival trauma and demineralisation related to bands. However, bands are still 
preferable in some cases; for example, where both buccal and lingual attachments 
are required, or when extra-oral devices, such as headgears are to be used. In 
addition, they may be helpful where moisture control on posterior teeth is difficult 
and when bonding to gold or porcelain restorations is required (Mitchell, 2007). 
 
2.4. Bonding mechanisms 
Bonding as it refers to orthodontics can be defined as a technique of adhering 
orthodontic brackets, or other attachments, directly to the enamel surface using 
orthodontic adhesives. This adhesion can be achieved in two ways (Brantley and 
Eliades, 2001): 
 
i)  Mechanical interlocking: Between the adhesive material and the microscopic 
irregularities of the etched enamel; for example, bonding between composite resin 
material (adhesive) and surface micro-irregularities of the etched enamel.  
ii)  Chemical bonding: Reliant on the chemical reaction between the adhesive 
material and the enamel surface; for example, the chemical bond between 
polyacrylic acid, or phosphate-containing adhesive material, and hydroxyapatite 





2.5. Bond strength 
Direct bonding was introduced in orthodontics in the 1960s (Newman,1969), 
following the pioneering work of Buonocore who demonstrated that phosphoric acid 
could be used to alter the enamel surface (Buonocore, 1955). In general, the 
feasibility of fixed orthodontic treatment relies on the capability of the adhesive bond 
(bracket-adhesive-enamel) to resist a combination of shear, tensile and torsional 
forces, which are usually directed to the brackets through masticatory forces and 
forces exerted from orthodontic appliances (Marković et al., 2008). 
 
The adhesive bond strength has been evaluated directly in in vitro and primarily 
indirectly in in vivo studies. In in vitro studies, an Instron® universal testing machine 
has been used to debond the bracket from the tooth surface, by applying one of the 
three debonding forces (shear, tension, and torsion), with bond strength measured 
by dividing the debonding force by the area of the bonded interface (Marković et al., 
2008). In in vivo studies, the retentive capacity (bond strength) is evaluated by 
measuring the incidence of bracket failure over a period of time (Gaworski et al., 
1999). 
 
Discrepancies in relation to bonding efficacy have been highlighted between in vivo 
and in vitro studies. For example, Pickett et al. (2001) showed lower in vivo shear 
bond strength values than in vitro values. For the in vivo part of this study, eight 
patients were randomly assigned. They had a total of sixty premolars bonded with 
3M Unitek Victory Twin brackets, precoated with Transbond XTTM light-cured 
composite resin, with an average of 23 months of orthodontic treatment. Shear bond 
strengths were recorded using a debonding device, attached to a digital force 
gauge. For the in vitro part of the study, the same type of bracket was bonded to 60 
extracted premolar teeth, which were then divided into two groups of 30 each, and 
the shear bond strengths were recorded for the first group using the same 
debonding device, and for the second group with an Instron® universal testing 
machine. The results were as follows: in vitro 12.82MPa using the debonding 
device, and 11.02MPa using a universal machine, failure occurred in vivo at just 
5.47MPa. The lower in vivo bond strength values may be attributed to the failure of 
in vitro conditions to mimic oral environment in terms of the pH of saliva, type of 
food and drinks consumed during orthodontic treatment and masticatory forces. 




selection of adhesive for clinical use (Brantley and Eliades, 2001; Marković et al., 
2008). 
 
It should be noted that the minimum bond strength threshold to ensure retention of 
brackets throughout a course of orthodontic treatment, and to allow easy bracket 
debonding when that is required, varies widely and remains unknown. For example, 
Reynolds (1975) suggested that the minimum acceptable in vitro bond strength 
value should be between 5.9-7.8MPa for most clinical orthodontic uses, whilst other 
studies suggested that bond strengths should range from 2.8-10MPa to be sufficient 
for clinical orthodontic purposes (Buonocore, 1963; Miura et al., 1971; Lopez, 1980; 
Pus and Way, 1980). These high variations may relate to differences in: i) enamel 
morphology, ii) enamel preparation, iii) bracket material, iii) morphology of the 
bracket base, and iv) adhesive type (Marković et al., 2008; Bakhadher et al., 2015). 
Each of these variables will be discussed below. 
 
2.6. Enamel characteristics 
The human tooth has two anatomical parts: the crown, which is the visible part of 
the tooth, and the root which is embedded in the jaw. It consists of three different 
dental hard tissues: enamel, dentine and cementum, all of which surround a 
centrally-located pulp, where nerves and blood vessels supply the tooth with 
sensation and nutrients (Nanci, 2007). Enamel is the hardest biological tissue 
known within the human body. It is a highly mineralised structure forming the first 
protective layer of the crown of the tooth, whereas dentine is the second layer, 
covered by enamel in the crown portion, and cementum in the root (Stavrianos et 
al., 2010). 
 
 Enamel structure 
Enamel has a unique structure and properties appearing macroscopically as 
yellowish-white, bluish-white or greyish-white because it is semi-translucent and 
reflects the colour of the underlying dentine (Berkovitz et al., 2005). Microscopically, 
it is composed of inorganic (mineral) and organic phases with a small amount of 




characterised by apatitic calcium phosphate (hydroxyapatite) crystallites cemented 
together by the organic matrix protein polymer (Boyde, 1997). 
 
Microscopically, hydroxyapatite crystallites (Figure 2.1) usually appear as several 
million fibre-like crystals arranged as long bundles of prisms or rods, with a diameter 
5-6µm and length 2.5mm, originating from the dentinoenamel junction and 
extending to the surface. These enamel prisms (rods) intertwine and are almost 
identical, having a hierarchical structure; the areas between these prisms are known 
as inter-prismatic (inter-rod) regions (Berkovitz et al., 2005).  
 
         
Figure 2.1. Scanning electron microscopy of enamel hydroxyapatite 
crystallites in enamel: 
a) Enamel rods and dentinoenamel junction (https://pocketdentistry.com/7-
enamel/ )    
 b) Enamel rods and inter-rod regions (Taken from Ang et al., 2012) 
 
 
The mineral component of enamel also contains carbonate, magnesium, potassium, 
sodium and fluoride ions, in varying concentrations depending on their position 
within the tissue. These elements are incorporated into enamel during 
embryological development, affecting its susceptibility to demineralisation by 
bacterial acids, or acid of dietary origin (Laurance-Young et al., 2011). Additionally, 
mature enamel contains organic matrix proteins, mainly amelogenin and enamelin, 
and the percentage of this matrix is influenced by the regularity or irregularity of 





formation by ameloblasts, which are eventually lost when the tooth erupts. Hence, 
enamel, unlike bone and dentine, does not have the capability to repair itself, as it is 
acellular. This unique micro-structural architecture of enamel ensures that it has 
characteristic physical and chemical properties with the surface being harder, 
denser and more radio-opaque, compared with underlying layers (Berkovitz et al., 
2005). However, it is soluble in acids, this solubility decreases in the presence of 
fluoride and increases with higher carbonate levels (Robinson et al., 2000).  
 
 Hydroxyapatite crystals structure 
An appreciation of the apatite structure is central to understanding the behaviour of 
enamel during acid attack (Robinson et al., 2000). Generally, apatite can be seen 
naturally as secondary minerals, such as in rocks, with a general formula of Ca10 
(PO4)6X2. If X is fluoride (F), it is fluorapatite, and if X is hydroxyl (OH), it is 
hydroxyapatite (Elliott, 2013). 
 
Apatite present in enamel is calcium deficient (non-stochiometric) hydroxyapatite 
with a formula Ca10-x(PO4)6-x(OH)2-x (where x is between 0 and 1). The properties of 
apatite can alter during ionic exchanges between saliva and enamel. For example, 
hydroxyl groups can be replaced by carbonate resulting in an increase in the 
solubility of apatite. In contrast, the solubility of apatite decreases when the hydroxyl 
groups are replaced by fluoride ions leading to an increase in its resistance to acid 
dissolution (Robinson et al., 2000). Additionally, calcium can be replaced by 
magnesium and two sodium ions, and phosphate can be replaced by carbonate 
resulting in greater apatite solubility (Robinson et al., 2000; Berkovitz et al., 2005). It 
is apparent; therefore, that these substitutions within the lattice of the hydroxyapatite 
structure have a considerable effect on the behaviour of apatite, particularly its 
dissolution at low pH (less than 5.5) (Ten Cate and Featherstone, 1991). 
 
2.7. Enamel surface preparation for bonding 
 Pumice prophylaxis 
The enamel surface may be cleaned of the salivary pellicle layer, plaque, and/or 
surface debris before acid etching and bonding. The most common includes a 




with pumice or a prophylactic paste (Miura et al., 1973). This procedure facilitates 
penetration of acid etch into the enamel surface, which may improve the bond 
strength of the adhesive to the enamel surface as reported in an in vitro study based 
on 200 extracted premolars by Mahajan et al., (2015) using self-etching primer 
(Transbond™ Plus) and light-cured composite resin (Tranbond XTTM). 
 
Conversely, Barry (1995), in a double-blind clinical study, demonstrated that there 
was no significant difference in the bond strength of 614 brackets when pumice 
prophylaxis was omitted and conventional acid etch (37% phosphoric acid) was 
used. In addition, Ireland and Sherriff (2002) reported the results of an in vivo study 
performed, over an 18-month period, in which 60 patients participated in a split-
mouth controlled clinical trial. They found that neither the bond strength, nor the 
enamel surface etch pattern after debonding of the brackets, was affected by 
pumicing with fluoridated or non-fluoridated pumice. The brackets had been bonded 
using a conventional acid etching system with resin adhesive (Right-OnTM) and resin 
modified glass ionomer cement (Fuji II LCTM). The observed differences between 
the findings of Mahajan et al. (2015) and the latter two studies may relate to 
different acid-etch systems and different bonding adhesives used. Moreover, the 
previous study was an in vitro study with obvious difficulties in reproducing 
representative oral conditions based on extracted teeth in the ex vivo situation, and 
indeed in mimicking masticatory cycles and forces likely to induce debonding of 
brackets, with Mahajan et al., (2015), for example, delivering shear forces to the 
bracket using a universal testing machine with a cross-head speed of 0.5mm per 
minute. 
 
 Acid etching 
The concept of etching the enamel surface with phosphoric acid was first suggested 
by Buonocore in 1955. He used 85% phosphoric acid for 30 seconds and reported 
that the bond strength and retention were increased between acrylic resin 
restorations and the etched enamel surface (Swift et al., 2002). Since then, he 
reduced the concentration of acid to 50% (Buonocore, 1970). Thereafter, separate 
in vitro studies by Silverstone (1974) and Retief (1974), reported that using an acid 
solution of 20-50% concentration for 1-2 minutes increased the capacity for 
retention. A range of variables may affect the bond strength of the (enamel-




i) Type of acid etchant (phosphoric acid, nitric acid, citric acid, pyruvic acid, 
polyacrylic acid and ethylene diamine tetra-acetic acid).  
ii) Acid etch concentration 
iii) Duration of etching 
 
Currently, 37% phosphoric acid for approximately 30 seconds is recommended for 
routine orthodontic bonding, in order to achieve the most suitable enamel etch 
patterns. This has been reported in an ex vivo study, which compared etching 
enamel with 37% phosphoric acid and 2.5% nitric acid, at three-time intervals (15, 
30 and 60 seconds) (Gardner and Hobson, 2001).  
 
2.7.2.1.  Types of acid etching approach 
a- Total etch approach (etch and rinse) 
This technique is still the most widely used, effective approach to enamel bonding. It 
consists of two steps: removal of calcium phosphate (hydroxyapatite crystals) 
through etching the enamel surface with 37% phosphoric acid and use of an 
adhesive resin. Etching results in calcium monophosphate and calcium sulphate by-
products on the enamel surface, which are highly soluble in water and can be 
completely removed by a vigorous water rinse, leaving rough areas, and creating 
micro-porosities within the enamel surface. The adhesive resin can infiltrate and 
polymerise within the created micro-porosities, resulting in mechanical interlocking 
between the enamel surface and adhesive resin (Van Meerbeek et al., 2003; Van 
Meerbeek, 2008). 
 
b- Self-etch approach 
This technique may reduce the clinical etching time and minimise the errors that 
occur during application, compared with the total etch approach. This self-etch 
approach can be subdivided into: i) two steps (self-etch primer), which involves 
using a self-etch primer, followed by a separate bonding adhesive resin, and ii) one 
step, which contains etch, prime and bond together in one applicator (Yoshida et al., 





Self-etch primers/adhesives contain a high amount of acidic monomers, which are 
methacrylated phosphoric acid esters originating from the reaction of a diol (divalent 
alcohol) with methacrylic acid and phosphoric/carboxylic acid derivatives. These 
phosphate and carboxylic groups can bond ionically with calcium in hydroxyapatites, 
forming calcium complexes that are not rinsed away but incorporated into the 
adhesive resin (Van Meerbeek et al., 2003; Yoshida et al., 2004; Van Meerbeek et 
al., 2008). 
 
In regard to the clinical performance of total and self-etch approaches, conflicting 
reports have been published. Bishara et al. (2001) compared two types of acid etch 
techniques on 45 extracted human molars, before bonding metal brackets 
(VictoryTM), using an adhesive resin (Transbond XTTM) in an in vitro study. The 
authors reported that the shear bond strength of orthodontic brackets after using the 
self-etch approach for 15 seconds (Prompt L-Pop, ESPETM) was significantly lower 
compared to the conventional etch approach (37% phosphoric acid gel for 30 
seconds). These findings were supported by the following in vitro studies: Aljoubouri 
et al. (2003), Grubisa et al. (2004), and Scougall-Vilchis et al. (2009). Furthermore, 
similar findings were observed in a randomised clinical trial with a split-mouth 
design (Littlewood et al., 2001). Conventional TransbondTM adhesive primer and 
hydrophilic primer were compared over a 6-month period after bonding adhesive 
pre-coated brackets to teeth (all teeth except molars; 33 patients for each acid etch 
type). The hydrophilic primer had a high bracket failure rate (18.8%) compared to 
the conventional acid system (6.8%). These findings were mirrored in a further 
clinical evaluation (Millett et al., 1998). The authors reported that the bond failure of 
7,118 brackets was also 6% in 548 patients using conventional TransbondTM 
adhesive primer.  
 
More recently, Mirzakouchaki et al. (2016) evaluated the shear bond strength of 
metal and ceramic brackets bonded to etched teeth (120 maxillary and mandibular 
premolar teeth, in 30 orthodontic patients). Conventional acid etching (37% 
phosphoric acid) and self-etching primer (3M Unitek, USA) were used to etch the 
enamel surface. All teeth were maintained intra-orally for 30 days prior to extraction 
using surgical elevators (Aesculap, Tuttlingen, Germany) to prevent dislodgment of 
the brackets, which were later debonded using Hounsfield testing equipment to 
measure shear bond strength. The authors found that metal brackets with 
conventional acid etching had significantly higher shear bond strengths than those 




Conversely, Aljoubouri et al. (2004), in a single blind design, randomised clinical 
trial, reported that there was no statistically or clinically significant difference 
between conventional two-stage Transbond adhesive primer and Self Etch Prime 
(SEPTM, 3M) after 6 and 12 months. The study utilised stainless brackets with micro-
etched bases that were bonded to 700 teeth (350 for each bonding system with the 
exception of molars) among 51 patients. Another randomised clinical trial has been 
performed by Manning et al. (2006) also comparing the two aforementioned etching 
systems. This trial involved robust randomisation procedures and allocation 
concealment and had a low drop-out rate. The evaluation was also undertaken both 
over 6 months and the overall duration of orthodontics, thereby accounting for 
potential deterioration of bond strength over the course of treatment. Bracket failure 
rate was assessed for 540 adhesive pre-coated brackets in 34 patients and was not 
statistically different with either etching approach, either over the initial 6-month 
period or throughout the duration of orthodontic treatment. This finding mirrors 
Aljoubouri et al. (2004), although the overall bracket failure rate reported for each 
etching system was lower in Manning et al. (2006) reflecting the potential 
confounding effects of operator experience and setting. 
 
Recently, a systematic review and meta-analysis has been carried out to review 11 
randomised controlled trials assessing the risk of attachment failure and bonding 
time of conventional acid etching system and self-etching system in orthodontic 
patients, over a minimum follow-up period of 12 months (Fleming et al., 2012). The 
authors found that self-etch bonding systems had slightly higher odds of failure over 
12 months but resulted in modest time saving (8 minutes for full bonding) compared 
with those bonded by the conventional acid etching system. 
 
2.7.2.2. Effect of acid etching on enamel surface 
The main iatrogenic effects of acid etching on the enamel surface can be classified 
into microscopic and macroscopic changes. Microscopically, the acid etching 
process promotes the formation of micro-porosities of variable depths within the 
enamel surface (Brantley and Elides, 2001). Based on observations from scanning 
electron microscopy, three predominant etch patterns are recognised (Silverstone et 





i) Type I: This is the most common pattern characterised by preferential 
removal of the prism core material, leaving the prism peripheries relatively 
intact, and producing a honeycomb pattern (Figure 2.2). 
ii)  Type II: The prism periphery regions are removed preferentially, leaving 
remaining prism cores relatively unaffected, and producing a cobblestone 
pattern (Figure 2.3).   
iii) Type III: The enamel has a random pattern with areas corresponding both to 
Types I and II etching patterns. 
 
These enamel etching patterns are affected by a number of variables (Nordenvall et 
al., 1980; Redford et al., 1986; Garcia-Godoy and Gwinnet, 1991; Fava et al., 1997) 
such as:  i) type of acid etching, ii) method of acid application, iii) duration of 
etching, iv) tooth morphology, v) surface and type of the tooth. 
 
 
Figure 2.2. Type I enamel etching pattern after 30 seconds of acid etching. The 
cores of the prism are dissolved (arrow) at 4,500x magnification (Taken from 






Figure 2.3. Type II enamel etching pattern after 45 seconds of acid etching. 
The periphery of enamel prisms is dissolved (arrow) at 4,500x magnification 
(Taken from Fava et al., 1997) 
 
Macroscopic effects of acid etching on the enamel surface following debonding can 
be divided into: i) enamel demineralisation and development of white spot lesions, ii) 
enamel discoloration due to retention of stains and precipitation of saliva, food and 
drinks into the porous etched enamel surface, or because remnants of resin tags 
were left in situ after debonding, which underwent colour change over time, iii) 
enamel fracture can occur during debonding of ceramic brackets, and iv) enamel 
loss of about 10-20µm due to acid etching, which leads to loss of fluoride found in 
the outer enamel layer (10µm) (Brantley and Eliades, 2001). 
 
2.8. Bracket materials and base morphology 
 Bracket materials 
2.8.1.1. Metal brackets 
Initially in the early 20th century, these brackets were made from gold and later after 
the Second World War from stainless steel. These stainless-steel brackets are the 
most popular in fixed orthodontic treatment and have been used for decades 
(Brantley and Eliades, 2001; Phulari, 2013). They usually bond mechanically (micro-
mechanical interlock) to the adhesives (see section 2.5), utilising indentations, 
undercuts, or grooves in the bracket base, which affect the bond strength between 





Metal brackets can withstand fracture and deformation and based on in vitro 
research consistently presents less friction at the bracket-wire interface (Flores et 
al., 1994). They can be sterilized and recycled, but they are aesthetically 
unpleasing. In addition, stainless steel brackets contain a significant amount (8-
12%) of nickel, which can induce an allergic response in susceptible patients 
(Huang et al., 2004). Therefore, titanium brackets were introduced in the 1980s, as 
an alternative to stainless steel, since titanium does not contain nickel. Besides the 
exceptional biocompatibility of titanium brackets, they exhibit better mechanical 
properties, bond strength, and corrosion resistance compared with stainless steel 
brackets (Kusy et al., 1998; Kapur et al., 1999; Kusy et al., 2000). 
 
2.8.1.2. Plastic brackets 
These brackets were introduced in the early 1970s and are made from unfilled 
polycarbonate. They were bonded to adhesives by chemical bonding utilising a 
plastic bracket primer to cause swelling in the bracket base allowing penetration of 
the adhesive into the swollen material and improving the bond strength between the 
plastic bracket and the adhesive. Subsequently, a new generation of brackets with a 
mechanical interlock base was introduced, to improve their bond strengths without 
the use of a primer (Brantley and Eliades, 2001; Phulari, 2013); however, the shear 
bond strengths of plastic brackets are significantly lower than those of metallic 
brackets (Fernandez and Canut, 1999; Guan, 2000; Liu et al., 2004). 
 
Although plastic brackets were initially introduced to improve aesthetics, they are 
easily discoloured and distorted in the oral environment due to their poor 
dimensional stability (Arici, 1998). In addition, they lack rigidity and stiffness, and the 
friction between the bracket and the arch wire at the bracket-wire interface is high. 
Thereafter, the use of reinforced polycarbonate brackets with ceramic or metal slots 
partially alleviated this problem (Feldner et al., 1994; Alkire et al., 1997). 
   
2.8.1.3. Ceramic brackets 
Ceramic brackets were introduced in the late 1980s manufactured from high purity 
aluminium oxide (alumina) or zirconium. These brackets are available as 
monocrystalline (transparent) and polycrystalline forms (tooth-coloured) (Brantley 




dimensional-stability, and good resistance to wear and deformation compared with 
metal and plastic brackets. However, they have low fracture toughness and high 
frictional resistance (Jena et al., 2007). Ceramic brackets usually bond to the 
adhesive either mechanically (mechanical interlock bases, utilising indentations or 
undercuts in bracket bases), or chemically (silane-coated bases), or both providing 
higher bond strengths. However, the silane-coated ceramic brackets led to an 
elevated risk of enamel damage at debonding, since the silane coupler (chemical 
mediator) unites the silica component of the ceramic bracket base and the adhesive 
resin.  
 
In a comparative in vitro study, Wang et al. (1997) compared the shear bond 
strength of two brands of ceramic brackets with a chemically-coated base 
(DentaurumTM and TranscendTM), two brands of ceramic brackets with a base 
predisposing to mechanical interlock (LuminaTM and CrystallineTM), and one type of 
metal bracket (Dyna-LockTM). These brackets were bonded to 60 extracted 
premolars with a resin adhesive (ConciseTM) and the brackets were debonded using 
an Instron® universal machine after 24 hours of bonding. The authors found that the 
bond strengths and the amount of enamel damage with chemically-coated ceramic 
brackets assessed by scanning electron microscope and energy dispersive x-ray 
spectroscopy (EDX) were significantly higher than the other bracket types. Similar 
findings were observed in a number of in vitro studies (Gwinnet, 1988; Viazis et al., 
1990; Forsberg and Hagberg, 1992; Atsü et al., 2006).  
 
Conversely, Habibi et al. (2007), in an in vitro study, claimed that the bond strength 
of metallic brackets was higher compared to ceramic brackets with mechanical 
interlock bases and chemical coated bases. Enamel cracks were assessed with a 
stereo-microscope after debonding of ceramic brackets with a plier and were not 
greater than those observed after debonding of metal brackets. However, this study 
used different techniques to evaluate the bond strength and to assess the enamel 
damage than the aforementioned studies.  
 
 Bracket base design 
The design of the bracket base has a great effect on the longevity and integrity of 
bonding, and on the amount of enamel surface damage observed at debonding 




regarding the effect of bracket base design on the bond strength. Knox et al. (2000), 
in an in vitro study, evaluated the effect of different types of metal bracket bases on 
the bond strength after bonding for one hour only and then debonding with a cross-
head speed 0.5mm/min. Eighty incisor brackets were selected for each bracket 
base group, which included (60, 80, and 100) single mesh bases, double mesh 
bases, Mini Twin basesTM, Master seriesTM, and Dyna-LockTM   to be bonded to steel 
mesh discs. The authors found that (60 and 100) single mesh bases performed 
better with ConciseTM and Right-OnTM than the 80-mesh bracket, and relatively 
poorly with TransbondTM. The 60 and 80 mesh bases performed well with Fuji Ortho 
LCTM but the 100-mesh base performed moderately well. The double mesh base 
performed well with Right-OnTM, and reasonably well with ConciseTM, TransbondTM, 
and Fuji Ortho LCTM. The Dyna-LockTM and Mini Twin bases performed well with all 
adhesives. Certain combinations of bracket base design and bonding adhesive, 
therefore, appeared to perform optimally complicating the isolation of definite trends 
in relation to bond strength. Moreover, similar conclusions were made by Smith and 
Reynolds (1991), in an in vitro study which compared three types of metal bracket 
bases bonded to plastic cylinders with a composite resin (ConciseTM). The authors 
reported that fine-mesh bases (A CompanyTM) produced the highest tensile strength 
using an Instron universal testing machine, followed by coarse-mesh bases 
(DentaurumTM) and finally undercut bases (Dyna-LockTM). In addition, Olsen et al. 
(1993) compared two types of ceramic brackets in an in vitro study on 40 extracted 
human premolars. They found that Ceramaflex brackets (TP Orthodontics) had 
significantly higher shear bond strength compared with traditional 
ceramic brackets (Unitek Corp, Monrovia, Calif) attached using the same bonding 
system (Right-OnTM).  
 
The effect of bracket base design has also been reported by Sorel et al. (2002) in 
an in vitro study. They found that metal brackets with a laser-etched base had 
higher bond strength compared to metal brackets with a foil mesh base. Similar 
findings were observed by Sharma-Sayal et al. (2003) in a comparison of shear 
bond strength with 6 different bracket base designs, and Cozza et al. (2006) in a 
study comparing the shear bond strength of 5 different brands of metal brackets. On 
the basis of the available evidence, it therefore appears that bracket base designs 
with highly complex arrangements of undercuts may lead to improved bond strength 
by increasing the depth, size, and distribution of the adhesive within the bracket-
adhesive interface, promoting a sufficiently large stress distribution area.    




Conversely, Bishara et al. (2004), in a further in vitro study, reported no significant 
differences between the shear bond strengths of two metallic brackets with different 
bracket bases: VictoryTM (single-mesh bracket base), and OvationTM (a double-mesh 
bracket base). The authors compared between 20 upper left central incisor brackets 
for each bracket base group bonded to 40 extracted human molars (20 per group) 
using Transbond XTTM adhesive. The testing of shear bond strength was 
accomplished using the flattened end of a steel rod attached to the cross-head of a 
Zwick test machine. In addition, Cuco et al. (2002) found no significant difference in 
the shear bond strength between brackets of the same surface area with a different 
gauge mesh size using the same approach to testing. The authors tested metal 
brackets (80- and 100- gauge mesh bases) with mini and standard size bases, 
which were bonded to 80 extracted human premolars. The observed variations 
between the results of Bishara et al. (2004) and Cuco et al. (2002) with other 
studies can be attributed to differences in research protocol and the technique 
sensitivity of the materials, reflecting inconsistencies in experimental design. Further 
clinical studies in this area are therefore required to obtain reliable and more 
generalisable findings. 
 
2.9. Adhesion and adhesives 
 Resin Based Composites (RBCs) 
These are the most frequently used adhesives in orthodontic bonding as they 
adhere to the enamel surface by mechanical interlocking retention with a sufficient 
bonding strength (Brantley and Eliades, 2001). It has been reported that RBCs have 
shown the greatest bond strength among the other orthodontic adhesives (Rock and 
Abdullah, 1997; Summers et al., 2004). 
 
In general, resin-based composites contain an organic polymeric matrix, inorganic 
reinforcing fillers, and a silane coupling agent. The conventional organic matrix, 
(also known as Bowenʼs resin), is bisphenol A-glycidyl methacrylate (BisGMA), 
which is highly viscous, and may also contain urethane dimethacrylate (UDMA), 
which is less viscous than BisGMA. This matrix further requires the addition of low 
viscosity dimethacrylate monomers (diluents) to improve their handling for clinical 
use. Examples of diluents are trietheylene glycol dimethacrylate (TEGDMA) or 
dietheylene glycol dimethacrylate (DEGDMA) (Lutz and Philips, 1983; Ferracane, 




methacrylate monomer resin matrix, by using different polymerisation promoting 
systems (Brantley and Eliades, 2001). 
 
The inorganic filler particles consist of glass beads or rods of either aluminium 
silicate, barium, strontium or silicate glasses; they encompass between 50-80% by 
mass of the contents of resin-based composites. Incorporation of fillers reduces the 
polymerisation shrinkage and the coefficient of thermal expansion of RBCs, and 
improves their wear resistance, and tensile and compressive strengths. 
Consequently, the components and amount and size of fillers influence the 
mechanical, physical and optical properties of RBCs (Ferracane et al., 2014). With 
regard to coupling agents, the most commonly used is 3-methacryloxypropyl 
trimethoxysilane. These agents are used to chemically bond the hydrophilic 
inorganic fillers to the hydrophobic organic resin matrix and to increase the filler 
loading by enhancing the particle wetting improving the mechanical properties and 
the clinical performance of RBCs (Cramer et al., 2011). 
 
 Glass Ionomer Cements (GICs) 
The first glass ionomer cements were designed by Wilson and Kent in the early 
1970s as restorations, cavity liners, and luting cements for crowns and inlays. Over 
the years (late 1980s), these cements became popular for use as adhesives for 
orthodontic bands and brackets (Brantley and Eliades, 2001). GICs are composed 
of an ion-leachable glass powder (calcium fluoraluminosilicate) that reacts with the 
water-soluble polyalkenoic acid to form a cement by an acid-base reaction. Their 
advantages have caught the attention of many researchers, since they bond 
chemically to the enamel surface. The carboxyl groups of polyalkenoic acid form 
chemical ionic bonds with the calcium ions in hydroxyapatite of enamel (Yoshida et 
al., 2000; Brantley and Eliades, 2001). In addition, they release fluoride ions since 
these cements contain high concentrations of fluoride (10-23% by weight) (Brantley 
and Eliades, 2001). 
 
Despite the distinct advantages of GICs, they have some limitations chiefly poor 
bond strength compared to RBCs (Rekha and Varma, 2012). In a three-year clinical 
trial on 17 patients, Miller et al. (1996) compared the bracket failure of GIC (Ketac-
filTM) and a composite resin (Rely-a-bondTM), at 6, 18, 30 and 36 months. Bracket 




composite resin group, the corresponding values were 11%, 13%, 14% and 15%. 
These findings revealed that bracket failure was more common in the GIC group, 
thus suggesting that GIC has lower bond strength compared with composite resin. 
Similar conclusions were also reported in other in vivo studies (Voss et al., 1993; 
Norevall et al., 1996). 
 
 Resin Modified Glass Ionomer Cements (RMGICs) 
Glass ionomer cements have been modified with the addition of a small amount of 
water-soluble resin monomer, hydroxyethyl methacrylate (HEMA; up to 10%) to 
form Resin-Modified Glass Ionomer cements (RMGICs). These materials are 
suitable for orthodontic bonding as they combine the favourable properties of both 
GICs (chemical bond to enamel in a moist environment and fluoride release), and 
resin-based cements (quick set and superior bonding strength) (Movahhed et al., 
2005). RMGICs undergo two reactions: an acid-base reaction between the 
polyacrylic acid and the glass of the conventional GICs, and polymerisation of the 
resin component (HEMA) by free radicals, to harden the cement (Brantley and 
Eliades, 2001).   
 
With regard to the bond strength of RMGICs, a plethora of studies have been 
undertaken. In an in vitro study, Owens and Miller (2000) bonded 75 twin premolar 
brackets coated with Optimesh XRTTM (Ormco, Calif) to extracted teeth, with two 
resin adhesives: (Transbond XTTM and EnlightTM), and RMGIC (Fuji Ortho LCTM). 
The shear bond strength of RMGIC was significantly lower than the two resin 
adhesives. Similar findings were also reported in an in vitro study by Meehan et al. 
(1999). 
 
Interestingly, Lippitz et al. (1998), in an in vitro study, found that etching the enamel 
surface with 10% phosphoric acid led to no significant difference between the shear 
bond strengths of resin adhesive and those of three RMGICs (AdvanceTM, Fuji 
DuetTM and Fuji Ortho LCTM), after 24 hours and 30 days of bonding 100 mesh 
backed stainless steel brackets to 100 extracted human premolars. The shear bond 
strength of these RMGICs, with unetched enamel was lower than with etched 
enamel. These findings are supported by other in vitro studies (Chung et al., 1999; 
Sfondrini et al., 2001). In addition, in an in vitro and in vivo study, Summer et al. 




using them to bond 50 GAC micro-arch universal orthodontic brackets to extracted 
human premolars. For the resin group, 37% phosphoric acid was used to etch the 
enamel surface, whereas for the RMGIC group, 10% polyacrylic acid was used. The 
authors reported no significant difference between resin adhesive and RMGIC, with 
bracket failure rates at 5% and 6.5%, respectively, over 1.3 years. Furthermore, the 
in vitro findings of Summer et al. (2004) showed that resin adhesive had higher 
shear bond strengths than those obtained with RMGIC, after bonding for 30 minutes 
and 24 hours, respectively. However, Chitnis et al., (2006), in an in vitro study 
demonstrated that there was no significant difference in the shear bond strength 
between resin adhesive bonded to etched enamel with 37% phosphoric acid, and 
RMGIC bonded enamel etched with 10% polyacrylic acid, after bonding for 1 hour 
and 7 days, respectively. More recently, Cheng et al. (2011), in an in vitro study also 
supported these findings in an investigation on the shear bond strength between 
resin adhesive (TransbondTM) and RMGIC (Fuji OrthoTM). After 24 hours bonding of 
100 mini Dyna-LockTM brackets to extracted human premolars, with etched or non-
etched enamel surfaces, they found no significant difference in the shear bond 
strength between resin and RMGIC. In addition, a systematic review of 11 clinical 
trials has concluded that RMGIC may be associated with the same clinical 
debonding (failure) rate as RBCs after 12 months (Mickenautsch et al., 2012). This 
review also recommended further high quality randomised controlled trials to 
confirm this finding.  
 
It has been suggested that etching the enamel surface with 37% phosphoric acid 
can significantly increase the bond strength of RMGIC, instead of etching with 10% 
or 20% polyacrylic acid (Bishara et al., 2000). In addition, Cacciafesta et al. (2003), 
in an in vitro study using bovine teeth, reported that RMGIC (Fuji OrthoTM) with a 
self-etching primer, produced the highest shear bond strength under different 
enamel surface conditions (dry enamel, water-moistened enamel, and saliva-
moistened enamel); these values were significantly higher than those etched with 
conventional 37% phosphoric acid and 10% polyacrylic acid, except when RMGIC 
was used in combination with 37% phosphoric acid on dry enamel. In addition, the 
shear bond strength of RMGIC in combination with 10% polyacrylic acid was lower 
than RMGIC with 37% phosphoric acid, except when both conditioners were used 
on water-moistened enamel. Furthermore, the shear bond strength of RMGIC on 





In summary, RMGICs have lower bond strengths than RBCs. This bond strength 
can be improved by etching the enamel surface either with self-etching primer under 
various conditions (dry, water-moistened and saliva-moistened enamel), or 37% 
phosphoric acid on dry enamel and 10% polyacrylic acid on moistened enamel.  
 
 Compomers 
Compomers are polyacid modified resin composites formed by combining 
composite resin and fluouro-silicate glass into a single component composite resin. 
They differ from RMGICs in that the resin component comprises 30-50% of the total 
components (Eberhard et al., 1997; Gladys et al., 1997). 
 
Millett et al. (2000) carried out a split-mouth comparative clinical trial using 426 
brackets, with half bonded with compomer (Dyract OrthoTM) and the other half with 
chemical cured resin adhesive (Right-OnTM) on 45 randomly selected patients. 
Compomer produced bond strengths comparable to resin adhesive over the entire 
duration of fixed orthodontic treatment, with bracket failure rates of 17% and 20% 
recorded for compomer and resin adhesive, respectively. The authors reported that 
neither patient gender nor malocclusion had any effect on the time to failure of the 
first bracket (526 days for each bonding material), but patient age was considered to 
be a predictor. In addition, the split-mouth design of this study was useful in 
evaluating the clinical performance of both bonding materials under the same 
environmental conditions.  
 
Interestingly, similar conclusions were made in a comparative in vitro study, which 
used 75 stainless pre-adjusted edgewise brackets with micro-etched bases. Five 
bonding materials (15 brackets for each) were used: compomer (Dyract OrthoTM), 
chemical cured resin adhesive (Right-OnTM), light-cured resin adhesive 
(TransbondTM), RMGIC (Fuji Ortho LCTM), and conventional GIC (Ketac-CemTM) 
(Millet et al., 1999b). The authors found no significant differences in shear bond 
strengths among the first four bonding materials after bonding for 24 hours, but the 
shear bond strength of the latter was significantly less than the others. Furthermore, 
the bracket failure rate was similar for Dyract OrthoTM, Right-OnTM, and Fuji Ortho 





There is, however, an ex vivo study, which used two types of brackets: ‘A’ Company 
Straight-Wire® twin brackets backed with foil mesh and Unitek brackets with Dyna-
LockTM bases incorporating machined undercuts and serrated ridges. The authors 
reported that light-cured resin adhesive (TransbondTM) produced significantly higher 
shear bond strengths than compomer (Dyract OrthoTM) after 15 minutes and 24 
hours, respectively, for both bracket types (Rock and Abdulla, 1997). The observed 
difference between in vitro and ex vivo studies may stem from environmental 
differences, and the use of different bracket-base design. 
 
Additionally, Millett et al. (2000) also highlighted that enamel demineralisation was 
reduced significantly with compomer (Dyract OrthoTM) compared to adhesive resin 
(Right-OnTM). The percentage of teeth affected was 20% for compomer and 26% for 
adhesive resin. This indicates the potential efficacy of compomer in preventing 
enamel demineralisation, since it has the capability of releasing fluoride. These 
results support the findings from another split-mouth design study, which confirmed 
that compomer (Dyract OrthoTM) significantly reduced the rate of recurrent caries 
when used as a restoration for primary molars compared to amalgam restoration 
(TytinTM) over a 3-year period (Marks et al., 1999). 
 
Rekha and Varma (2012), in an in vitro study using 96 primary molars, reported that 
compomer (CompoglassTM) produced the highest tensile bond strengths, and 
microleakage level compared to RMGIC (Fuji II LC) and conventional GIC (Fuji IX 
GP). This was attributed to the presence of resin in a larger fraction by weight 
compared to RMGIC and conventional GIC facilitating bonding to the etched tooth 
surface by micromechanical interlock, whilst the high microleakage level of 
compomer was due to the polymerisation shrinkage of the light–cured resin 
component of compomer causing the material to shrink away from the tooth surface, 
creating a gap resulting in microleakage. These results were supported by an in 
vitro study comparing the microleakage of compomer (Dyract OrthoTM) and RMGIC 
(Fuji Ortho LCTM) (Toledano et al., 1999). However, Brackett et al. (1998) found that 
there was no significant difference in microleakage between RMGIC (light-cured) 
and compomer, which might be due to the differences in the sample preparation 
procedure and the use of bovine teeth instead of human teeth; the latter were used 






The term “debonding” refers to removal of attachments (bands and brackets) from 
the surfaces of teeth after fixed appliance-based orthodontic treatment, followed by 
clean-up methods to remove remnants of adhesives from the enamel surface 
(Ahrari et al., 2013). Ideally debonding and post clean-up techniques should leave 
the enamel surface intact and with the same degree of smoothness as the pre-
treated tooth. However, this is not always possible; these procedures may result in 
mechanical removal of enamel (Bonetti et al., 2011). If remnants of the adhesive are 
not completely removed or enamel fracture occurs, staining and plaque formation 
on the tooth surface are likely, resulting in compromised aesthetics. Furthermore, 
the enamel becomes less resistant to organic acids, which may predispose to 
enamel demineralisation and dental caries. Therefore, preservation of enamel 
surfaces after orthodontic treatment is extremely important for orthodontists (Pont et 
al., 2010).  
 
Several factors may affect the integrity of the enamel surface during or after fixed 
orthodontic treatment. These include: i) enamel etching before bonding, ii) the 
adhesive bonding material itself, iii) the brackets used (metal or ceramic brackets), 
iv) debonding and adhesive clean-up technique. The latter is considered to be the 
most significant cause of enamel loss (Azzeh and Feldon, 2003; Arhun and Arman, 
2007; Knösel et al., 2010; Pont et al., 2010). 
 
 Bond failure rate 
At debonding, three types of bond failure can occur (Pont et al., 2010; Sumali et al., 
2012): 
 
i)  Adhesive failure: Adhesion fails at the adhesive-enamel interface or the bracket-
adhesive interface and all the remnants of the adhesive would remain either on the 
bracket base, or on the enamel surface. 
ii) Cohesive failure: The bond fails within the adhesive layer. This type of bond 
failure is preferable as the remnants of the adhesive would be spread between the 




iii)  Combination of adhesive and cohesive failure: The remnants of the adhesive are 
unequal but present both on the enamel surface and the bracket base. 
 
The amount of the adhesive remaining on the enamel surface after debonding can 
be inspected visually using the Adhesive Remnant Index (ARI) (Artun and Bergland, 
1984), by assigning a score from zero to 3. The highest ARI score implies that the 
adhesive material remained on the enamel surface in its entirety after debonding 
(Oztoprak et al., 2010; Tehranchi et al., 2011).  
 
 Debonding Methods 
2.10.2.1. Mechanical methods 
These involve the use of special instruments including tailored bracket removal 
pliers (Pignatta et al., 2012). The force required to mechanically debond is high, 
resulting in either deformation of the bracket itself, or adhesive bond failure at the 
adhesive-enamel interface, which may potentially damage the enamel surface 
(Bishara and Fehr, 1993; Jena et al., 2007). 
 
2.10.2.2.  Electro-thermal debonding methods 
This method is based on heating the bracket with a rechargeable, cordless heating 
gun to soften the adhesive materials resulting in bond failure between the bracket 
base and the adhesive material (Sheridan et al., 1986). It is a relatively quick, 
effective method and it causes less enamel damage or bracket fracture compared 
with mechanical debonding (Bishara and Trulove, 1990). In addition, the heating 
temperature during electro-thermal debonding was reported to be too low for pulpal 
damage (Jost-Brinkmann et al., 1992; Brouns et al., 1993), in spite of the earlier 
investigation by Rueggenberg and Lockwook (1990), who reported that electro-
thermal debonding has the potential to cause pulp necrosis. 
 
2.10.2.3.  Ultrasonic methods 
These methods are used to apply high-frequency vibration using specially designed 
tips at a point between the bracket base and the adhesive. The resulting force 




This approach may serve to reduce the likelihood of enamel damage while 
simultaneously removing the adhesive remnants (Bishara and Trulove, 1990). 
However, this approach is time-consuming and may induce discomfort in sensitive 
teeth (Krell et al., 1993; Boyer and Bishara, 1995).  
 
2.10.2.4. Laser systems 
These methods have been used in several studies. A low risk of enamel damage 
has been reported using laser systems compared with other debonding methods 
(Azzeh and Feldon, 2003). Ahrari et al. (2013) in an in vitro study measured the 
adhesive remnant index (ARI) and length, number and direction of enamel cracks. 
They found that debonding of ceramic brackets using a carbon dioxide (CO2) laser 
resulted in minimal damage to the enamel surface and no bracket fracture was 
identified. This may relate to the thermal softening of the adhesive bonding material 
with laser systems, creating a bond failure site closer to the (bracket-adhesive) 
interface, as reported by Tehranchi et al. (2011). In their in vitro study, they 
observed that ARI scores were high on the tooth surface compared to those 
obtained using the conventional methods, where the debonding sites were closer to 
the enamel-adhesive interface, thus increasing the probability of enamel damage.  
 
The other advantage of using a laser system is that the amount of force required for 
debonding is significantly lower compared to other methods; pain is therefore 
considered minimal during removal of ceramic brackets (Azzeh and Feldon, 2003; 
Oztoprak, 2010). Additionally, Sarp et al. (2011) using an Ytterbium laser and Saito 
et al. (2015) using CO2 laser reported that laser debonding consumes less time (6 
seconds) and provides more precise control of the heat applied to soften the 
adhesive bonding materials, compared to other electro-thermal debonding methods. 
However, the surface temperature of the brackets could reach ~150C, which is 
extremely high for the oral cavity, and therefore expertise is required to remove the 
brackets (Hayakawa, 2005). 
 
 Post debonding clean-up methods 
The search for an efficient and safe protocol for clean-up of enamel after debonding 





Table 2.1. Summary of post debonding clean-up methods 
Clean-up methods Examples 
I) Hand instruments Adhesive removing pliers, Debonding pliers  
II) Dental stones Arkansas stone, Green stone  
III) Wheels and discs  Green rubber wheel, Soflex discs 
IV) Scalers Hand scaler, Ultrasound scaler 
V) Dental burs 
 
Fibre-reinforced composite, Tungsten carbide, Diamond 
finishing, Ultra-fine diamond, Finishing carbide  
VI) Lasers  CO2 (Carbon dioxide) 
Nd:YAG (Neodymium-doped Yttrium Aluminium Garnet) 
Er:YAG (Erbium-doped Yttrium Aluminium Garnet) 
Diode 






These various clean-up methods have been undertaken in a range of settings. 
Moreover, the lack of standardisation of the volume of adhesive remnants may also 
influence these findings (Uluosoy, 2009; Karan et al., 2010; Ozer et al., 2010). 
Therefore, it is apparent that an accepted protocol for removal of adhesive remnants 
is not yet established. However, the most common and efficient method for 
adhesive removal is by using tungsten carbide burs in a slow-speed, water-cooled 
rotary hand-piece. Janiszewska-Olszwska et al. (2014) reported that this method 
resulted in minimal damage to the enamel surface compared to other alternatives. 
 
Ireland et al. (2005) found in an in vitro study on eighty human premolars that 
enamel loss arose to varying depths following four post clean-up methods (slow-
speed tungsten carbide bur, high-speed tungsten carbide bur, debonding plier, and 
ultrasonic scaler) following removal of two orthodontic adhesives (Transbond XTTM 
and Fuji Ortho LCTM). The lowest enamel loss depth (0.75µm) was observed in the 
Fuji Ortho LCTM group with a slow-speed tungsten carbide bur. The depth of enamel 
loss was measured by Planer Surfometer. Similarly, Pus and Way (1980) observed 
enamel loss after adhesive removal using high speed bur, green rubber wheel, and 
slow-speed tungsten carbide bur of 19.2μm, 18.4μm and 11.3μm, respectively. This 
enamel loss was measured by a Nikon profile projector fitted with a microstage 
calibrated in micrometres for 100 human premolars. This between study variations 
may stem from differences in the technique utilised to remove orthodontic 
adhesives, the type of orthodontic adhesive, and the methodology used to assess 
enamel loss. Bollen et al. (1997) suggested that enamel surface roughness of 
0.2µm is a threshold for bacterial adhesion and caries formation highlighting the 
importance of preserving a smooth enamel surface following orthodontic debond.  
 
Banerjee and co-workers (2008) have pioneered the use of air-abrasion in vitro to 
selectively remove residual adhesive bonding materials. They bonded metal 
brackets to the buccal surfaces of thirty human extracted premolars using an 
adhesive bonding material (UniteTM, 3M Unitek). Thereafter, these brackets were 
debonded using debonding pliers with the adhesive remnants removed using three 
methods: a slow-speed, eight bladed tungsten carbide bur; alumina air-abrasion; 
and bioactive glass air-abrasion (45S5). The air-abrasion unit (AbradentTM, 
Crystalmark, CA, USA) was used with an air pressure of 60 psi (pound per square 
inch) and a powder flow rate of 2.2g/min. Bioactive glass powder (45S5) propelled 
via air-abrasion produced the least enamel loss (0.135mm3) compared with alumina 




assessed by volumetric analysis involving stereo-lithic files after propelling this 
glass. This was attributed to its hardness value which slightly exceeded that of 
sound enamel (~3.5GPa; O’Donnell, 2011). Various hardness values for 45S5 have 
been reported in the literature, for example, 4.5GPa (Cook et al., 2008) and 
5.75GPa (Lopez-Esteban et al., 2003). Therefore, there is still a need to design a 
bioactive glass with hardness similar to, or lower than that of enamel in order to 
facilitate safe but efficient removal of residual adhesive bonding materials after 
bracket debonding. 
 
2.11. Enamel demineralisation and remineralisation 
Enamel demineralisation can be defined as a process of partial or complete 
dissolution of minerals (calcium-deficient hydroxyapatite crystallites) resulting in the 
release of calcium and phosphate ions and leading to changes in the microstructure 
of enamel and loss of hydroxyapatite. This dissolution of minerals exposes the 
organic matrix to microbially-determined deterioration, followed by microbial 
attachment and dental caries (Ehrlich et al., 2008). A white spot lesion is also 
considered as the first clinical sign of enamel caries prior to the carious lesion 
reaching the dentine (Sangamesh et al., 2011).  
 
Enamel demineralisation has been attributed to four main factors: bacteria, 
fermentable carbohydrate, a susceptible tooth surface and time. The acidogenic 
bacteria (Streptococcus mutans, and Lactobacillus spp.) attach to the tooth surface 
via the plaque biofilm. They ferment carbohydrate producing organic acids (lactic, 
formic, acetic and propionic acid), thus decreasing the pH of plaque below the 
critical value of 5.5. This process occurs within 1 to 3 minutes and results in 
dissolution (demineralisation) of the enamel surface minerals (hydroxyapatites) 
(Kidd and Fejerskov, 2003). On the contrary, the process of deposition of calcium, 
phosphate and other biomineral ions within or on partially demineralised enamel 
surface is called remineralisation. These biomineral ions originate either from 
dissolved dental tissues, an external source, or a combination of these sources 
(Cochrane et al., 2010).  
 
A variety of demineralising solutions and gels containing either lactic acid or acetic 
acid undersaturated with respect to hydroxyapatite have been used to induce 
artificial enamel demineralisation within in vitro research (Gray, 1966; van Dijk et al., 




Cate et al., 1996; Kielbassa et al., 2005; Vieira et al., 2005; Ten Cate et al., 2006; 
Lynch et al., 2007; Magalhaes et al., 2009). Variations in these solutions and gels 
including their nature and the viscosity of the acid used, fluoride concentration, and 
the degree of saturations of some minerals can lead to differences in the chemical 
composition (Lynch and ten Cate, 2006) and the hardness values (Magalhaes et al., 
2009) of the artificial demineralised enamel surfaces. The mineral distribution within 
the enamel surfaces can also be affected (Arends et al., 1987; Lynch et al., 2007). 
 
 White spot lesions (WSLs) 
White spot lesions are one of the most prevalent iatrogenic effects of orthodontic 
fixed appliance treatment. These lesions are the initial clinical manifestation of 
enamel demineralisation with the potential to develop into overt caries, thus 
requiring restorative treatment (Sangamesh et al., 2011). Therefore, WSLs can be 
defined as subsurface enamel porosities, due to carious demineralisation. Clinically, 
these lesions can be identified as opaque, white areas on smooth surfaces as the 
degree of enamel mineralisation influences their translucency (Bishara and Ostby, 
2008; Sundararaj et al., 2015). They may also be apparent under bright white light 
to the naked eye after air-drying the enamel surface as the air, which has a 
refractive index of 1.0, fills the pores of the lesion instead of water (refractive index: 
1.33) and both have a refractive index below that of enamel (1.63; Kidd and 
Fejerskov, 2004).  
 
Orthodontic patients are often teenagers, who have a higher risk of enamel 
demineralisation than adults due to differences in the level of oral hygiene, and as 
newly erupted teeth are more susceptible to acid attack (Dirks, 1966; Garcia-Godoy 
and Hicks, 2008; Mayne et al., 2011). A plethora of studies have reported the 
association between fixed appliance-based orthodontic treatment and WSL 
formation (Gorelick et al., 1982; Mizrahi, 1983; O'Reilly and Featherstone, 1987; 
Mitchell, 1992b; Banks et al., 2000; Boersma et al., 2005). Gwinnett and Ceen 
(1979), in a clinical study involving 10 patients, found a rapid increase in plaque 
accumulation related to the fixed orthodontic attachments, which act as plaque 
stagnation areas since they impede regular oral hygiene procedures. Plaque in 
orthodontic patients may have a lower pH compared with individuals with no 
orthodontic appliances (Chatterjee and Kleinberg, 1979). Hence, plaque induces the 




There may also be a significant increase in the level of cariogenic bacteria, such as 
Streptococcus mutans (S. mutans) and Lactobacilli spp. in the saliva and plaque of 
orthodontic patients, leading to enamel demineralisation stemming from the 
production of organic acids. Scheie et al. (1984), in a clinical study, observed a 
significant increase in the level of S. mutans in the saliva and plaque of 14 patients 
after insertion of orthodontic appliances. Øgaard et al. (2001) in a longitudinal study 
of 220 patients also found that the best predictor for WSLs at debonding was the 
presence and preponderance of S. mutans. However, Boersma et al. (2005), in a 
clinical study involving 62 patients, reported that there was a positive correlation 
between orthodontic appliance and Lactobacilli counts, but not to S. mutans counts, 
since the reduction in bacterial counts was more pronounced for Lactobacilli spp. 
after 6 weeks of debonding. This may indicate that S. mutans levels need more time 
to return to the normal levels in the mouth, or that the natural balance between 
these acid-forming bacteria is shifted during orthodontic treatment.  
 
More recently, Lombardo et al. (2013), in a prospective clinical study on 20 patients 
aged between 19 and 23 years, confirmed that there were changes in the oral 
environment after placement of orthodontic appliances. They found that there was 
more plaque retention within 4 to 8 weeks of bonding and higher S. mutans counts 
after 8 weeks in patients wearing appliances.   
 
 Timing and location of development of WSLs 
Based on an in vivo study involving 20 participants, WSLs can be detected around 
orthodontic brackets as early as four weeks after starting fixed orthodontic treatment 
(O'Reilly and Featherstone, 1987). In a combined clinical and in vitro evaluation, 
teeth were extracted after 4 weeks of orthodontic treatment and their mineral 
profiles determined after sectioning (O'Reilly and Featherstone, 1987). The authors 
found that these lesions could be inhibited and/or reversed by the use of 
commercially available fluoride products, such as fluoride-containing toothpaste 
(1,100 ppm sodium fluoride), sodium fluoride (0.05%) mouth-rinse, and acidulated 
phosphate fluoride treatment (1.2% fluoride).  
 
Similar findings were reported in an ex vivo study by Gordon and Featherstone 
(2003), where 21 teeth were extracted for orthodontic purposes after 4 weeks of 




microhardness testing. The authors found that fluoride-releasing glass ionomer 
cement for bonding orthodontic brackets successfully inhibited enamel 
demineralisation, which was located around the brackets bonded with non-
fluoridated composite resin after four weeks of orthodontic treatment. In addition, 
Holman et al. (1988), in an in vivo study involving 14 patients, found that weekly 
professional removal of the bands and plaque over a five-week period, prevented 
lesion formation, while leaving both intact resulted in visible WSLs. Furthermore, in 
an ex vivo study, WSLs were noticed on 22 extracted premolars after 6 to 13 weeks 
of orthodontic treatment following evaluation using a stereo-microscope (Twetman 
et al., 1996). These differences in the timing of development of enamel 
demineralisation might be due to the study design and the methods used to assess 
enamel demineralisation, but in general all these studies reveal the correlation 










Table 2.2. Summary of studies reporting on WSL formation based on observation time and experimental technique 









vivo and in 
vitro 
4 weeks Fluoride-containing 
toothpaste (1,100 ppm 
sodium fluoride), sodium 
fluoride (0.05%) mouth-rinse, 
and acidulated phosphate 
fluoride treatment (1.2% 
fluoride) 
WSLs developed in the untreated group but 
inhibited in treated groups with commercially-




Ex vivo 4 weeks Fluoride-releasing glass 
ionomer cement 
WSLs developed on teeth bonded with non-
fluoridated composite, whilst successfully inhibited 
with fluoride-releasing cement 
Holman et al. 
(1988) 
In vivo 5 weeks Professional removal of the 
bands and plaque weekly 
WSLs prevented in the treated group and arose in 
untreated (without intervention) 
Twetman et 
al. (1996) 
Ex vivo 6-13 weeks Fluoride-releasing glass 
ionomer cement 
WSLs developed on teeth bonded with 





With regard to the location of WSLs, they often develop under loose bands and 
around the bracket base, especially on the buccal surfaces of the teeth in the 
gingival areas predisposed to plaque accumulation (Gorelick et al., 1982; Willmot, 
2008). It has also been reported that the most frequently affected teeth are maxillary 
lateral incisors, followed by maxillary canines, and mandibular premolars, with no 
significant differences between the right and left sides (Sangamesh et al., 2011). 
The susceptibility of the maxillary lateral incisor may be due to its palatal position at 
the outset in certain malocclusion types, as well as manual difficulty in cleansing 
gingival to the attachment, thereby predisposing to plaque accumulation (Stecksén-
Blicks et al., 2007). 
 
 Prevalence and incidence 
In a cross-sectional study, Gorelick et al. (1982) reported that 50% of individuals 
who underwent fixed orthodontic treatment had WSLs compared with 25% of 
untreated controls. The cross-sectional nature of this study may have led to an over-
estimate of WSL prevalence due to the inability to differentiate between these 
lesions and other developmental enamel lesions. Richter et al. (2011) also reported 
in a clinical study that among 350 individuals, 72.9% of individuals developed WSLs 
during fixed appliance treatment.  
 
More recently, Sundararaj et al. (2015) in a meta-analysis included data from 14 
studies regarding the incidence and prevalence of WSLs. The analysis indicated 
that a total of 935 patients out of 2041 patients (45.8%) developed new WSLs 
during 12 months of orthodontic treatment. A total of 1,242 patients were studied for 
prevalence, with 850 found to have WSLs, suggesting that 68.4% of those 
undergoing orthodontic treatment had WSLs. 
 
It should be mentioned that significant variations in terms of both the prevalence 
and incidence of WSLs were observed (Tables 2.3 and 2.4). The prevalence of 
WSLs ranged from 13% to 88% of patients, with 7.4% to 31% of teeth affected. 
Similarly, the incidence of WSLs also showed a wide range from 0.1% to 78.7% for 
teeth and from 10% to 73% for individuals. These high variations are attributable to 
the variety of methods used to assess and record the size of the lesion, the difficulty 
in standardising clinical examinations, and the problems in differentiating between 
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 Diagnosis of WSLs 
Variation may exist in the depth of the lesion, the amount of mineral loss, and the 
extent or surface of the tooth affected. The methods of diagnosing and quantifying 
WSLs can be classified into macroscopic and microscopic (Benson et al., 2003; 
Benson, 2008). 
 
2.11.4.1. Macroscopic methods 
These approaches rely principally on the light backscattering from demineralised 
enamel. The white appearance of WSLs is attributed to the light travelling a distance 
through enamel before being backscattered. This distance is shorter in sound 
enamel compared with demineralised enamel, since the loss of minerals leads to 
pores in the enamel resulting in significant light backscattering (Angmar-Mansson et 
al., 1996). The degree of whiteness depends on whether the enamel pores are filled 
with air or water because of differences in their refractive indices. Macroscopic 
methods can be subdivided into four types: clinical examination (indices), 
photographic examination, optical non-fluorescent methods, and optical fluorescent 
methods (Benson, 2008). These are described below: 
 
- Clinical examination (Indices) 
This method relies on direct visual examination to identify the location and extent of 
WSLs on the tooth surface. It requires clinicians who have the experience to 
differentiate between WSLs and other opacities, such as dental fluorosis; this may 
be challenging in some cases. For example, according to Russell’s criteria, dental 
fluorosis manifests as white/yellowish lesions with undefined borders distributed 
symmetrically in the mouth, while WSLs have well-defined borders and are usually 
distributed randomly (Russell, 1961; Bishara and Ostby, 2008). Several clinical 
studies have used this method to assess WSLs before, during, or after orthodontic 
treatment (Gaworski et al., 1999; Alexander and Ripa, 2000; Banks et al., 2000; 
Gillgrass et al., 2001; Øgaard et al., 2001). The main advantages of using indices 
are that they are relatively simple to apply and inexpensive with minimal training 
required. However, this approach is subjective, inaccurate and it may be open to 





- Photographic examination 
Many clinical studies have used photographs (digital or slides) and computer-based 
image analysis to assess the prevalence of WSLs (Mitchell, 1992a; Turner, 1993; 
Trimpeneers et al., 1996; Marcusson et al., 1997; Millett et al., 1999c; Wenderroth, 
1999; Mattick et al., 2001). This technique is simple, accessible, and efficient 
requiring minimal training. It provides a permanent record using inexpensive 
equipment. In a research setting this approach can be standardised by masking the 
lesion details and measuring in a random order (Benson, 2008). 
 
The potential disadvantages of this technique are the overestimation of lesions due 
to flash reflection from the tooth surface, which can be reduced by using a ring flash 
with cross-polarised filters (Robertson and Toumba, 1999), or slanting of the 
camera (Cochran et al., 2004). Moreover, standardisation is difficult because of 
inconsistency in lighting, reflection, angulations, film types and processing methods 
(Benson et al., 2005). 
 
- Optical non-fluorescent methods (Optical caries monitor) 
This method was first used by Ten Bosch et al., (1980) utilising a 100W white light 
as a light source and measuring the backscattering of light with a densitometer. It is 
a useful, non-destructive method of studying enamel demineralisation and can be 
applied in the clinical environment but is affected by the degree of moisture within 
the tooth (Benson, 2008). This method has been applied in one clinical study 
(Øgaard and Ten Bosch, 1994). 
 
- Optical fluorescence methods 
The basic concept of these methods relies on the amount of light absorbed by a 
material, which influences the level of fluorescence. Since the demineralised 
enamel leads to more light backscattering than light absorption, it appears as a dark 
area using different fluorescent methods which include: fluorescent dye uptake, 
ultraviolet, laser and quantitative light-induced fluorescence (Angmar-Mansson and 




Fluorescent dye uptake: This method is mainly used to detect demineralised areas 
on the enamel by applying different fluorescent dyes, which are subsequently 
examined using a suitable light source (Rawls and Owen, 1978). The main 
disadvantage of this method is that any variation in the preparation process can 
lead to different degrees of dye uptake (Hosoya et al., 2007). 
Ultraviolet Radiation: Ultraviolet radiation was used in previous studies to detect 
early lesions on the enamel, but requires some precautions because this radiation, 
which has a shorter wavelength than visible light (<400nm), can cause damage to 
the eyes and skin of the operator and patient (Shrestha, 1980). 
Laser: Quantitative laser fluorescence was developed by De Josselin de Jong and 
co-workers (1995). This method utilises an argon laser, with a wavelength 440-
570nm, to measure the difference in fluorescence between demineralised and intact 
areas of enamel by quantifying the lesion size and mineral loss through collecting 
and analysing fluorescent images of carious teeth after illumination with diffuse laser 
light. The major problem with this technique is the large laser source, which limits its 
use. In addition, special precautions, as with ultraviolet radiation, are required (De    
Josselin de Jong et al., 1995; Benson, 2008). A portable instrument (DIAGNO- 
dentTM) utilises the same principle of laser fluorescence by emitting a light of 
wavelength 655nm to provide readings based on bacterial metabolites rather than 
mineral loss (Lussi et al., 2004). Caution is required during interpretation of these 
readings as they can be affected by the presence of stains, plaque and calculus 
(Pretty, 2003).  
Quantitative light–induced fluorescence (QLF): Nowadays this technique is the 
preferred fluorescent method, for in vivo and in vitro tests, to detect WSLs and to 
quantify the mineral loss over time. It measures the intensity of the fluorescence, 
resulting from an interaction between near ultraviolet radiation light and the enamel 
surface (Al-Khateeb et al., 2000; Angmar-Mansson and Bosch, 2001; Benson et al., 
2003; Pretty et al., 2003; Aljehani et al., 2004). This fluorescent light is scattered 
rather than absorbed when WSLs are assessed due to the presence of pores in the 
lesions, resulting in a reduction in the degree of fluorescence compared to natural 
enamel surface. However, QLF measurements can be affected by the presence of 
dentine beneath the enamel surface as well as by staining and curvature of the 





2.11.4.2. Microscopic methods 
These methods include caries models, which involve placing a band or a bracket on 
a tooth that will be extracted in the future (OʹReilly and Featherstone, 1987; Melrose 
et al., 1996), and in situ caries models. The latter involves placing a piece of enamel 
in a custom-made holder, worn by a volunteer by attaching it to an orthodontic arch 
wire or other auxiliary for a specified time period (Benson et al., 1999). The main 
advantage of in situ models over caries models is that they can be used during the 
entire period of orthodontic treatment, allowing an accurate assessment of the 
changes arising during demineralisation and further remineralisation on the same 
specimen that is subjected to the same oral environment (Zero, 1995). 
 
 Risk factors for developing WSLs 
A plethora of potential risk factors are associated with the development of WSLs. In 
particular, pre-existing WSLs predispose to further development of WSLs (Zimmer 
and Rottwinkel, 2004; Lovrov et al., 2007). However, Stecksen-Blicks et al. (2007), 
in a randomised controlled trial with two parallel groups involving 273 patients 
contradicted these findings. This discrepancy might be related to the method used 
to assess WSLs, as Zimmer and Rottwinkel (2004) and Lovrov et al. (2007) relied 
on the clinical examination (indices), while Stecksen-Blicks et al. (2007) used 
photographs.  
 
Interestingly, a prospective cohort study reported a correlation between age and 
WSL development (Kukleva et al., 2001). This study comprised 42 participants in 
two age cohorts (22 aged between 11-15 years and 20 aged 19-24 years). The 
authors found that teenagers had a higher risk of enamel demineralisation than 
adults, which may be attributable to either variation in oral hygiene levels, or to the 
fact that erupting teeth are more susceptible to acid attack. Kim (2015) also reported 
a similar relationship in a clinical study of 115 patients aged between 12 and 20 
years. However, Boersma et al. (2005) in a clinical study of 62 participants (aged 12 
years or older) did not find any relationship. This discrepancy may be related to the 
age distribution as Boersma et al. (2005) involved 11% of participants over 30 years 
of age.  
 
With regard to gender, some studies have found that WSLs were more prevalent 




patients (19 males and 26 females, with a mean age of 15.81) reported that males 
had a higher incidence of WSLs (almost 3-fold) than females. Boersma et al. (2005) 
also reported 40% of the buccal surfaces in males were affected by WSLs 
compared with 22% in females in a clinical study of 62 participants. Julian et al. 
(2013), however, found little difference between genders in an analysis of 885 
patients (378 males and 507 females) with 25% of males and 22% of females 
developing WSLs. Other studies have found a higher prevalence of WSLs in 
females (Mattousch et al., 2007) or did not find a trend related to gender (Millett et 
al., 1999a; Lovrov et al., 2007; Karadas et al., 2011; Kim, 2015). 
 
Additionally, Mitchell (1992b) reported in a review article that patient selection and 
education is key to the prevention of WSLs. This finding is in accordance with 
Zimmer and Rottwinkel (2004), who used two regimes for preventing WSLs in a 
longitudinal prospective study involving a high- and low- risk group of patients. The 
rigorous regime undertaken by a dental hygienist and involving scaling, mechanical 
tooth cleaning, chlorhexidine rinsing and fluoride application significantly 
outperformed a less stringent regime incorporating motivation sessions and 
nutritional counselling. 
 
The relationship between fixed appliance-based orthodontic treatment and WSL 
development is clear-cut since these appliances are associated with a rapid 
increase in plaque accumulation and high levels of cariogenic bacteria, which is in 
turn positively correlated with the presence of WSLs (see section 2.11). In addition, 
some studies found an increase in WSL development as the length of orthodontic 
treatment increased, for example, after 12 months (Lucchese and Gherlone, 2013), 
17 months (Marcusson et al., 1997), 24 months or 36 months (Geiger et al., 1988; 
Khalaf, 2014) of orthodontic treatment, while other studies reported no relationship 
between the length of orthodontic treatment and the formation of WSLs (Zaghrisson 
and Zachrisson, 1971; Boersma et al., 2005; Karadas et al., 2011). Moreover, a 
large number of studies have linked poor oral hygiene prior to orthodontic treatment 
to the development of WSLs (Gorelick et al., 1982; O'Reilly and Featherstone, 1987; 
Øgarrd, 1989; Boyd, 1991; Geiger et al., 1992; Gorton and Featherstone, 2003; 
Chapman et al., 2010; Khalaf, 2014) emphasising the need for optimal baseline 





 Prevention of WSLs 
Undoubtedly, fluoride plays an important role in the prevention of WSLs during 
orthodontic treatment. The frequency of fluoride application and the exact area 
where fluoride is required are considered to be the most important factors in 
preventing WSL formation (Chambers et al., 2013; Khalaf, 2014). Different methods 
of delivering fluoride have been used. These include:  
i) Topical fluoride from for example toothpastes, mouth-rinses, gels and 
varnishes,  
ii) Fluoride releasing materials such as bonding materials (sealants, 
primers, and adhesives) and elastics, and  
iii) Fluoride releasing devices attached to fixed appliances.  
 
Additionally, there are alternative fluoride delivery methods to prevent WSLs such 
as the use of chewing gum containing xylitol, and products containing Casein 
Phosphopeptide- Amorphous Calcium Phosphate (CPP-ACP) (Bishara and Ostby, 
2008; Srivastava et al., 2013). 
 
With regard to the fluoride concentration in toothpastes (which usually contain either 
sodium fluoride, monofluorophosphate, amine fluoride, stannous fluoride or a 
combination), a minimum level of 0.1% is recommended for those at high risk of 
developing WSLs (Øgaard et al., 2004). In addition, the use of fluoridated antiplaque 
toothpastes, such as stannous fluoride toothpastes, reduced demineralisation of 
enamel more than fluoridated toothpaste alone by inhibiting plaque adsorption to the 
enamel surface and preventing acid production by blocking sucrose passage to the 
acid-forming bacteria (Øgaard et al., 1980; Boyde and Chun, 1994). 
 
Recently, two Cochrane systematic reviews have concluded that using fluoridated 
mouth-rinses containing 0.05% sodium fluoride daily, with or without fluoridated 
toothpastes, significantly reduced lesion formation (Marinho et al., 2004; Benson et 
al., 2004a). These mouth-rinses are usually combined with anti-bacterial agents 
such as chlorhexidine, triclosan, and zinc to enhance their anti-caries activity 
(O'Reilly and Featherstone, 1987; Øgaard, 2001). Moreover, irregular use of a 
sodium fluoride mouth-rinse was associated with more WSLs than those with 
regular mouth-rinsing (Geiger et al., 1988). The method of fluoride delivery is 





The application of fluoridated varnishes may be more effective for less compliant 
patients than mouth-rinses, because varnish application relies on the clinician rather 
than patient cooperation. Bowman and Ramos (2005), in a prospective clinical study 
of 10 patients and 200 teeth reported a 44.3% reduction in WSL formation in 
orthodontic patients after tri-monthly fluoride varnish application, over a period of 12 
months compared to the controls. Similar conclusions were reported by Todd et al. 
(1999) and Petersson et al. (2000). More recently, in a Cochrane review, Benson et 
al., (2013) concluded that fluoride varnish applied every six weeks during 
orthodontic treatment was effective in preventing of WSLs, although this conclusion 
was based on a single randomised study. The authors therefore concluded that 
further double-blind randomised controlled trials are required to confirm this. It 
should be mentioned that this in-office varnish application is usually done in the 
dental clinic, which limits the frequency of varnish application and increases chair 
time, raising the costs of treatment. In addition, using varnishes may induce 
temporary discoloration of teeth and gingival tissues (Bishara and Ostby, 2008). 
 
Since orthodontic treatment requires a prolonged period, the introduction of fluoride-
releasing adhesive bonding materials with sustained release, such as resin 
composites and glass ionomer cements, are of great interest because these 
materials do not rely on patient compliance. Wilson and Donly (2000) reported in an 
in vitro study involving 45 teeth that RMGIC (Fuji OrthoTM) and fluoridated composite 
(Light BondTM) exhibited significant inhibition of demineralisation compared to non-
fluoridated composite (ConciseTM). However, it has also been reported that the 
amount of fluoride released initially is high and then drops rapidly to levels that may 
be insufficient to prevent WSL development during the course of orthodontic 
treatment. Regalla et al. (2014) evaluated fluoride release from three different 
orthodontic adhesives in an in vitro study. Adhesives assessed included RMGIC 
(Fuji Ortho LCTM), a fluoride-releasing composite resin material (ExcelTM) and 
conventional composite (Rely-a-bondTM). These adhesives were applied to 78 
freshly-extracted premolars (26 per group). Fluoride levels were assessed at 24 
hours, 10 days, 17 days, 24 days and 31 days after bonding. The authors found that 
fluoride release significantly decreased after 24 hours and continued to decrease 
until 31 days after placement of the attachments. 
 
The findings of the aforementioned study are consistent with Basdra et al. (1996), 
who conducted an in vitro study on 15 extracted premolars using two different 




Rely-a-bondTM). The authors showed that maximum fluoride release occurred within 
the first 24 hours, with Fluoride bond/ConciseTM releasing more fluoride than Rely-a-
bondTM. Thereafter, fluoride release decreased significantly after 48 hours for both 
materials and continued to decrease over 2 to 3 months. Therefore, the clinical 
effectiveness of these fluoride-releasing materials in preventing WSL formation may 
be questionable since the amount of fluoride required to prevent caries is still 
unknown (Benson et al., 2004a; Bishara and Ostby, 2008; Pseiner, 2010). 
 
Recently, fluoride-releasing antibacterial bonding agents including sealants and 
primers have been developed, combining the antibacterial activity of 12-
methacryloyloxydodecyl-pyridinium bromide (MDPB) and the physical advantage of 
adhesive systems (Imazato et al., 2003; Pithon et al., 2015). The preventive effect 
of fluoride released from these agents is influenced by its concentration and the 
duration of release, as well as their rechargeability with fluoride ions, for example, 
with a foaming solution of acidulated phosphate fluoride (Soliman et al., 2006). 
 
Some studies have shown that using other fluoride-releasing mechanisms, such as 
fluoride-releasing elastomeric chain and elastic ligatures, reduced plaque 
accumulation and WSL formation (Whitshire, 1999; Banks et al., 2000; Mattick et 
al., 2001). However, Benson et al. (2004b) reported that fluoride releasing elastic 
ligatures did not reduce the amount of plaque. Furthermore, at the time of fixed 
orthodontic appliance placement, it was also shown that applying an argon laser for 
60 seconds reduced the WSL area by 94.6% and lesion depth by 91.4% compared 
with untreated teeth (Anderson et al., 2002). 
 
Xylitol, which is a type of carbohydrate that does not act as a metabolising substrate 
for S. mutans, has also been used in chewing gums to prevent WSLs. It has anti-
caries properties since it is metabolised by bacteria, resulting in inhibition of 
glycolysis and reduced acid production. In addition, it increases the production of 
stimulated saliva, which contains more calcium and phosphate compared with non-
stimulated saliva (Sengun et al., 2004; Stecksén-Blicks et al., 2004). Additionally, 
Casein Phosphopeptide- Amorphous Calcium Phosphate (CPP-ACP), which is 
derived from milk casein, is considered the most potent remineralising agent among 
the calcium phosphate-based remineralising agents in the prevention of WSLs. 
CPP-ACP allows movement of the free calcium and phosphate ions from CPP-ACP 





Most recently, a double-blind, randomised clinical study on 63 patients was 
conducted to assess the effect of slow-release fluoride glass devices threaded onto 
the orthodontic wire in the prevention of enamel demineralisation during fixed 
appliance orthodontics (Tatsi, 2014). The author assessed cross-polarised digital 
photographs for the presence and severity of WSLs. Use of this device decreased 
the severity of these lesions by preventing demineralisation in 2.88 times more teeth 
compared to use of 225 ppm fluoride mouth-rinse once daily and 1,450 ppm fluoride 
toothpaste twice daily.  
 
 Enamel remineralisation / Treatment of WSLs 
Generally, it is believed that remineralisation of WSLs is a natural phenomenon in 
saliva because it is supersaturated with calcium-phosphate salts, which are identical 
to enamel hydroxyapatite (Garcia-Gordy and Hicks, 2008). However, several 
studies have reported that this phenomenon induces little improvement in the 
appearance of WSLs and results in partial repair of WSLs located superficially, 
while deeper lesions may require intervention to arrest and prevent development 
into dental caries (Dirks, 1966; Karlinsey et al., 2009; Cochrane et al., 2010).  
 
This partial repair has been linked to salivary phosphoproteins rich in proline, which 
have been found on the enamel pellicle inhibiting spontaneous precipitation of 
minerals by masking the enamel surface and preventing hydroxyapatite crystal 
growth (Hay et al., 1984; Carpenter et al., 2014). In addition, the amount of mineral 
deposition is sometimes so small that it cannot overcome demineralisation, 
particularly as the extent of the lesions varies significantly from individual to 
individual and from site to site in the mouth. This finding was confirmed by Dirks 
(1966) who reported that half of the recorded lesions had disappeared after 6 years 
without any interventions. Another in vivo study also reported that complete 
remineralisation occurred in 2.7% of teeth with WSLs 2 years after removal of fixed 
orthodontic treatment (Mattousch, 2007). 
 
Common interventions used to arrest WSLs include application of fluoride and 
calcium phosphate based remineralising agents but the concentration and the ideal 
method of delivery for fluoride are still unclear (Benson et al., 2005). Some authors 
believe that high concentrations of fluoride lead to increased remineralisation of the 




deeper layers (Castellano and Donly, 2004; Bishara and Ostby, 2008; Ten Cate et 
al., 2008; Trairtvorakul et al., 2008). It has also been postulated, however, that high 
concentrations of fluoride may reduce the penetration of calcium and phosphate to 
the deeper layers because the well-mineralised superficial layer might act as a 
barrier. Consequently, remineralisation of the deeper layers of WSLs may be 
inhibited maintaining the white appearance of the lesions (Phantumvanit et al., 
1977; Linton, 1996; Øgaard, 1998; Garcia-Godoy and Hicks, 2008; Willmot, 2008).  
 
In general, treatment of WSLs should start with the most conservative method by 
using toothpastes, mouth-rinses, varnishes, topical creams, chewing gum, or sugar 
free lozenges, which contain fluoride or CPP-ACP as reported in a number of 



















Willmot (2004) 15/11 12 and 26 weeks 50ppm NaF rinse vs control rinse Photographs No 
Bailey et al. 
(2009) 
23/22 4, 8 and 12 weeks CPP-ACP (tooth mousse) vs control cream Clinical scores Yes 
Beerens 
(2010) 
35/30 6 and 12 weeks CPP-ACFP (MI-Paste) vs control paste QLF No 
Baeshen et al. 
(2011) 
19/18 2, 4 and 
6 weeks 
0.5% NaF Miswaks vs control Miswaks DIAGNOdent, clinical 
scores 
Yes 
Bröchner et al. 
(2011) 
30/30 4 weeks CPP-ACP (tooth mousse) vs fluoride 
toothpaste (Colgate1,100 ppm F) 
Clinical scores, QLF No 





The inconsistent findings from these clinical trials might be due to insufficient sample 
sizes, unclear selection criteria, and the use of different methods to assess WSLs. 
Additionally, Aljehani et al. (2006) in a longitudinal in vivo study over a period of 1 year 
reported that there were no significant differences between normal home care and 
professional tooth cleaning among 12 patients, with 127 test teeth exhibiting white spot 
lesions on the buccal surfaces after completion of orthodontic treatment. This finding is 
in accordance with a parallel-group randomised controlled trial on 150 patients by 
Huang et al. (2013), who also showed that there were no significant differences 
between the professional application of MI Paste PlusTM and PreviDentTM fluoride 
varnishes and normal home care for improving WSL appearance. 
 
If the application of fluoride does not predictably improve the appearance of WSLs, 
whitening the surrounding enamel surfaces may be appropriate by using either in-office 
or at home external bleaching techniques, which may result in camouflage of WSLs 
and more uniform appearance of the enamel surface as reported by Knösel et al. 
(2007). The authors applied a 30% H2O2 bleaching gel (Illumine officeTM, Dentsply, 
Germany) in a tray for 60 minutes on the anterior maxillary teeth of 19 patients with 
inactive WSLs followed by daily home bleaching for 1 hour with a 15% H2O2 gel 
(Illumine homeTM, Dentsply, Germany) for 14 days. 
 
Micro-abrasion may also be considered to remove the superficial layer of WSLs. This 
involves the use of 18% hydrochloric acid and pumice and has been shown to produce 
a significant size reduction in WSLs by up to 83% (Murphy et al., 2007). This in vivo 
study involved a small sample (8 patients) with multiple demineralised enamel lesions 
after fixed orthodontic therapy. Similar conclusions were made by Welbury and Carter 
(1993) and Croll and Bullock (1994). However, Jahanbin et al. (2015) reported in an in 
vitro study on 60 extracted premolar teeth that micro-abrasion using 18% hydrochloric 
acid makes the enamel susceptible to staining.    
 
In addition, acid etching of WSLs has also been suggested to enhance remineralisation 
of WSLs (Al-Khateeb et al., 2000). The authors used 35% phosphoric acid for 30 
seconds on enamel blocks with induced WSLs. Meireles et al. (2009), in an in vitro 
study on 20 extracted bovine teeth compared two micro-abrasion methods: 18% 




enamel loss using a digital profilometer and stereoscope finding that the use of 
phosphoric acid was safer and less aggressive than hydrochloric acid.  
 
Argon laser has also been used to arrest WSLs by creating micro-spaces that stabilise 
ions in the enamel surface during an acid attack rather than being lost. Hence, the 
surface characteristics of the crystalline structure of enamel are altered making it more 
acid resistant (Mattousch et al., 2007). In addition, Oho and Morioka (1990) in an in 
vitro study found that the lasered enamel surface showed a high positive 
birefringence compared with the untreated enamel. They also noticed gradual changes 
in birefringence of the enamel surface during treatment with acid solutions; these were 
attributed to mineralisation of the micro-spaces as the ions released after acid 
demineralisation became trapped in the micro-spaces of lasered enamel, whereas such 
ions diffuse to the surrounding solution of the untreated surface.  
 
This has been corroborated within clinical research with a 51% reduction in WSL area 
reported after using Nd-YAG laser combined with acidulated phosphate fluoride 
solution in 10 patients, who had WSLs on upper six anterior teeth, compared to 10 
untreated controls (Harazaki et al., 2001). Moreover, Anderson et al. (2002) showed 
significantly less depth and surface area of induced WSLs, after using argon laser for 
60 seconds with or without pumice/etching on 36 extracted premolar teeth. They 
induced lesions 5 weeks before extraction by fitting and cementing an oversized 
orthodontic band on each premolar to create a pocket for demineralisation; these teeth 
were then sectioned and examined under polarised light. These findings are consistent 
with Hicks et al. (2004) who demonstrated that the lesion depth had significantly 
reduced compared to controls (without treatment), by either using an argon laser for 10 
seconds (reduced by 44%), or by application of a topical fluoride (0.5% fluoride ion, 
Thera-Flur-NTM) followed by argon laser (reduced by 62%). The addition of topical 
fluoride treatment prior to argon lasing resulted in a 32% reduction in lesion depth 
compared to argon laser treatment alone. Those lesions were induced by cementing 
of orthodontic bands with plaque-retentive slots on the buccal surfaces of 14 teeth for 5 
weeks prior to extraction, which were then sectioned and examined under a polarised 





Additionally, a resin infiltration technique was also used, and a significant reduction of 
WSL size was reported by Kim et al. (2011). The authors selected 20 teeth with a 
developmental defect of enamel and 80 with post-orthodontic demineralisation. They 
treated the teeth with resin infiltration finding that 5 and 11 teeth, respectively, were 
classified as completely masked after 1 week of treatment, whereas 8 and 1 remained 
unchanged, respectively. In addition, it has also been reported in a split-mouth 
randomised clinical trial on 21 patients involving 231 WSLs that resin infiltration 
significantly improved the clinical appearance of those lesions over a period of 6 
months (Knösel et al., 2013). 
 
If all aforementioned treatments are unsuccessful, then composite restorations or 
porcelain veneers may be required to address discoloration (Mattousch et al., 2007). 
However, the refinement of bioactive glass treatment may facilitate a less invasive 
approach to improving the appearance of WSLs. Mehta et al. (2014) in an in vitro study 
found that the bioactive glass 45S5, in the form of dentifrice (toothpaste), significantly 
remineralised WSLs assessed by Vickers hardness testing compared with a CPP-ACP 
dentifrice in 30 extracted human premolars. In addition, Bakry et al. (2014b), in an in 
vitro study on 60 extracted human molars, demonstrated that using a gel composed of 
45S5 glass powder and phosphoric acid covered by a layer of bonding agent (Clearfil 
SE Bond), significantly enhanced enamel remineralisation after immersion in 
remineralising solution for 24 hours. This remineralisation was identified by the 
formation of a layer of brushite crystals (CaHPO4.2H2O) on the enamel surface using 
scanning electron microscope (SEM), energy dispersive X-ray spectroscopy (EDX), 
and X-ray diffraction (XRD) techniques. This layer was resistant to brushing and 
became converted to hydroxyapatite crystals after 14 days of immersion in the same 
remineralising solution.  
 
Furthermore, Milly et al. (2015) have shown in an in vitro study that surface pre-
conditioning of artificially-induced WSLs on 90 extracted molar teeth, by propelling a 
45S5 glass powder via air-abrasion followed by application of a slurry or paste 
enhanced remineralisation of WSLs. The propelled powder was composed of 60% by 
weight bioactive glass powder (45S5) and 40% polyacrylic acid powder. The operating 
parameters of the air-abrasion machine (AquacutTM, Velopex, Harlesden, UK) were air 




distance of 5mm; nozzle tip diameter, 90µm, and application time of 10 seconds. 
Following the use of the air-abrasion machine, a slurry composed of bioactive glass 
(45S5) powder (100% by weight) and deionised water, or a paste (containing 36% by 
weight bioactive glass, chalk, glycerine, and stabilisers), were applied on the lesions 
(10 teeth for each application), twice a day (5 minutes per application) for 21 days to 
promote remineralisation of WSLs. This in vitro study reported that the use of bioactive 
glass (45S5) slurry had a superior remineralisation effect compared with bioactive glass 
(45S5) paste and two control groups (WSLs treated with acid etching and deionised 
water, respectively). Changes were assessed by changes in light backscattering and 
increase in the mineral contents and surface hardness of the remineralised lesions. 
However, an increase in the surface roughness of the remineralised WSLs was found. 
Further studies on the treatment of WSLs using 45S5 glass are described in Chapter 3. 
There is a need for further development of bioactive glasses to promote 
remineralisation of WSLs without inducing an increase in the enamel surface 
roughness. This can be achieved by designing a glass with hardness lower than that of 
enamel, and with a composition enhancing enamel remineralisation.  
 
In summary, different methods have been used to treat WSLs. These include: i) 
toothpastes, mouth-rinses, gels, varnishes, topical creams, chewing gum, or sugar-free 
lozenges, containing either fluoride, 45S5 glass powder or CPP-ACP, ii) whitening with 
H2O2 bleaching gel, iii) micro-abrasion by using 18% hydrochloric acid and pumice, iv) 
acid etching by phosphoric acid, v) use of composite restoration, vi) use of laser, vii) 
use of resin infiltration technique, and viii) use of 45S5 glass in the form of a paste or 
slurry to remineralise WSLs with or without pre-conditioning.    
 
 Enamel surface tomography after 
demineralisation/remineralisation: Assessment techniques 
A number of assessment methods have been used to evaluate surface enamel 
tomography changes during demineralisation and remineralisation of enamel (Figure 

























This relies upon measuring the time taken for the light beam to return to its source, 
after emission from the instrument to the sample surface, in order to determine enamel 
surface tomographical changes. This allows assessment of enamel roughness and 
evaluation of the quantity of enamel surface loss by providing a digital map of the 
surface with 3D coordinates X, Y, and Z planes (Ireland et al., 2008; Field et al., 2010). 
This technique can be classified into:  
i) Contact profilometer: It was the first type of profilometer and is still in use in spite of 
its limitation as it utilises a stylus with a tip (made of diamond, steel, or tungsten 
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carbide), which scans the sample surface. It cannot penetrate narrow grooves and may 
cause surface deformation. Although the scanning process is very accurate, it is 
relatively slow when compared to non-contact optical systems (Ireland et al., 2008).   
ii) Non-contact profilometer: This approach employs a laser light probe (blue or white 
light), which scans the sample surface without any physical contact. It is faster and 
easier than the contact profilometer (Ireland et al., 2008; Theocharopoulos et al., 2010). 
 
Enamel surface roughness has been shown to increase after demineralisation 
compared with corresponding sound surfaces. Cross et al. (2009) evaluating sound 
and demineralised bovine enamel induced enamel demineralisation either by exposure 
to Streptococcus mutans biofilm for 72 hours at 37°C, or 30% chemical synthetic lactic 
acid of pH 5 over varying time intervals (45, 90, 225 minutes). Kielbassa et al. (2005) 
also found the enamel roughness of sound bovine enamel surfaces was 50% less than 
those of demineralised surfaces. Enamel demineralisation was induced by a 
demineralised solution of pH 5.1 containing calcium chloride, potassium dihydrogen 
phosphate, lactic acid, potassium hydroxide, methyl hydroxy-diphosphonate, and 
traces of thymol at 37°C for 10 days. This increase has been characterised in SEM-
based studies (Holman et al., 1985; Hannig and Hannig, 2010). Specifically, Hannig 
and Hannig (2010) found changes in the histological and compositional structure of the 
enamel surface including reduction in prism size relative to sound enamel. This was 
attributed to the mineral loss during acidic attacks resulting in an increase in the inter-
prismatic spaces between the enamel prisms, producing a more porous (pitted) and 
roughened surface. 
 
2.11.8.2. Optical Coherence Tomography (OCT) 
This is a non-invasive, cross-sectional imaging technique that can give information 
about the internal tooth structures non-destructively. It utilises near-infrared light which 
is inversely related to the mineral content of the sample surface and proportionally 
correlated with the number and size of pores in the enamel surface (Jones et al., 2006; 
Hariri et al., 2012; Kang et al., 2012). Backscattering of light usually increases with 
demineralised enamel surfaces due to the presence of pores that affects the OCT 




structure of demineralised enamel surfaces. Hence, the backscattered light is a 
combination of two types of light-pore interactions: i) back reflection of light from abrupt 
changes in the optical refractive index at the pore/enamel interfaces, and ii) the 
passage of light through the space inside the pores without deviation. Each of these 
leads to an increase in the intensity of the light being transferred to the OCT detection 
system. Conversely, the light associated with both sound and remineralised enamel 
surfaces is scattered from well-ordered prisms (rod) structures resulting in little 
penetration of light within the enamel structure of extracted human teeth leading to low 
intensity values (Jones and Fried, 2006; Milly et al., 2014b; Milly et al., 2015). The 
cross-sectional images generated from multiple axial measurements of echo time delay 
can be displayed in a false colour or grey scale to visualise tissue changes (Hariri et al., 
2012; Kang et al., 2012; Mandurah et al., 2013). However, the OCT signal intensity is 
affected by the dehydration of the enamel surface, which limits this technology as 
reported in an in vitro longitudinal study (Nazari et al., 2013). The authors reported that 
there were significant differences between the depth-integrated OCT signals, under dry 
and hydrated enamel conditions, after evaluating the subsurface lesion progression at 
3, 9 and 15 days.  
 
2.11.8.3. Surface micro-hardness measurements 
Hardness can be defined as the resistance of a material to the penetration of an 
indenter. Interestingly, there are two common techniques available to measure the 
hardness of enamel: micro-indentation hardness and nano-indentation hardness. The 
basic concept of micro-indentation hardness relies on an indenter, a diamond tip of 
known geometrical dimensions, such as Knoop and Vickers indenters, which penetrate 
the enamel surface. The Knoop or Vickers hardness numbers are calculated from the 
depth of the indentation and the applied load (Sirdeshmukh et al., 2006; Schlüter et al., 
2011).  
 
The use of microhardness indentation (with loads not exceeding 1kg) is a preferred 
method, particularly the Knoop diamond indenter, since it is reported to be more 
sensitive to the superficial changes in the enamel surface than the Vickers diamond 
indenter (Meredith et al. 1996; He et al., 2010, Milly et al., 2015). This sensitivity is 




penetrating about half as deep as Vickers. Alternatively, nano-indentation hardness 
uses the same concept of microhardness indentation but at a smaller scale (i.e. 
penetration does not exceed 1µm [150–500nm] in depth under loads of 0.25–50mN) 
using a trigonal pyramidal Berkovich diamond indenter. The indenter applies an 
increasing load first to measure the hardness of the tested surface and then the load is 
decreased until partial or complete relaxation of the tested surface occurs, allowing 
calculation of Young’s (elastic) modulus and fracture toughness (Mahoney et al., 2003; 
Schlüter et al., 2011). 
 
It has been reported in the dental literature that surface hardness testing provides 
information on mineral loss and gain in the enamel surface during demineralisation and 
remineralisation, respectively (Amaechi et al., 2013; Lippert and Lynch, 2014). 
Featherstone et al. (1983) in an in vitro study, reported a linear relationship between 
the hardness and the mineral content of WSLs assessed by comparing the micro-
hardness data (represented as square root of Knoop Hardness Number (KHN) 
obtained from the Knoop hardness tester machine) with that of microradiography in the 
mineral range of 40–90 volume percent. Also, Kielbassa et al. (1999) found a strong 
relationship between the mineral volume percent of an in situ-induced WSL in irradiated 
and non-irradiated human enamel and the square root of KHN, assessed also by 
comparing micro-hardness data with transversal microradiographical (TMR) data. 
These examples support the concept of using a hardness tester machine as a reliable 
method for the indirect measurement of WSL mineral content in vitro and in situ 
(Kielbassa et al., 1999). However, the data obtained from hardness testing might vary 
according to the sample’s condition and the area and depth of indentation (Margalhaes 
et al., 2009). The latter study used five different demineralisation protocols to artificially 
induce carious enamel lesions comparing Cross-Sectional Hardness (CSH) and 
Transverse Microradiography (TMR), finding that CSH as an alternative to TMR does 
not estimate mineral content accurately but gives information on the surface properties 
of those lesions. These findings are consistent with those of Lippert and Lynch (2014), 
who compared between Knoop and Vickers surface micro-hardness data and 
transverse microradiography to evaluate the hardness of early caries lesion formation 





2.11.8.4. Atomic force microscopy (AFM) 
This microscopy technique was first introduced in the 1980s using a scanning probe. 
The probe has a sharp tip attached to a flexible cantilever that scans the sample 
surface recording the sample features when a diode laser beam hits the sample 
surface (Finke et al., 2000). The main advantages of AFM over other techniques are: 
firstly, both conductive and insulating surfaces can be scanned by AFM, unlike SEM, as 
it does not require harsh sample preparation, such as coating and dehydration, which 
leads to damage of the sample surfaces. Secondly, AFM, unlike SEM, can be 
performed in a vacuum as well as under ambient conditions (liquid or air). Thirdly, AFM 
images have a resolution greater than those obtained by profilometer. However, AFM is 
restricted to limited areas (less than 0.5 x 0.5 mm2) and each scan requires an hour to 
complete (Barber and Rees, 2004). 
 
2.11.8.5. Microradiography 
This technique is used to assess the enamel surface by measuring the attenuation of 
monochromatic x-rays that are transmitted and absorbed by the enamel surface in 
comparison with a reference aluminium step wedge, to obtain a map of the mineral 
contents of enamel. The intensity of the emergent beam is recorded on a photographic 
plate or a photon counter. Three types of microradiography are available: transverse 
microradiography (which is more commonly used), longitudinal microradiography, and 
wavelength-independent microradiography (Barber and Rees, 2004; Lo et al., 2010; 
Schlüter et al., 2011). However, this technique is a destructive method (the sample 
cannot be used again), time consuming, and the sample has to be prepared by 
sectioning into thin slices of 100µm, which is difficult if the structure is brittle 
demineralised enamel (Fontana et al., 1996; Can et al., 2008).  
 
2.11.8.6. X-ray microtomography (XMT) 
This is a non-destructive 3D analytical technique, which provides images of the mineral 
density of the hard tissue samples based on changes in X-ray attenuation coefficients. 
This technique can be classified based on X-ray source into: monochromatic and poly-




methods as there is no need to do any physical sectioning, which leads to loss of 
information. In addition, it is accurate in detecting the demineralisation characteristics of 
caries lesions with automated software to analyse the data. Furthermore, repeated 
scans can be performed on the same sample before and after different experimental 
procedures are carried out on it. However, this technique requires several hours to 
scan the sample, which is the only disadvantage of using this technique (Dowker et al., 
2003; Hahn et al., 2004; Taylor et al., 2010).    
 
2.11.8.7. Chemical analysis 
Chemical analysis has been undertaken using immersion solutions to study the 
dissolution of enamel (hydroxyapatite crystals) by measuring the concentration of 
different ions, such as calcium, phosphate, and fluoride that are released within them. 
The pH of these solutions has also been recorded before and after immersion of the 
sample (Barber and Rees, 2004).      
 
2.11.8.8. Scanning Electron Microscopy (SEM) 
It is a well-established analytical technique in which electrons are accelerated towards 
the enamel surface, where they interact and produce signals, as secondary or 
backscattered electrons, to obtain three dimensional images at high resolutions. A wide 
range of magnifications can be used to observe the ultrastructural changes and 
chemical composition of the enamel surface for greater accuracy (Städlander, 2007). 
SEM technique can be used to study teeth surfaces without polishing the surface 
(Barbour and Rees, 2004). However, these teeth cannot be used again since they are 
pre-prepared by coating with a conductive surface coat, such as gold or carbon, prior to 
SEM imaging. In addition, SEM is incapable of providing three-dimensional 
measurements (Zhang et al., 2000; Lyman, 2012). Based on SEM studies it has been 
reported that the surface characteristics of sound enamel surfaces are homogenous, 
smooth and dense (Dong et al., 2011; Ferrazzano et al., 2011), while demineralised 
enamel surfaces exhibited a more porous, rough and looser structure (Jayarajan, 2011; 





2.11.8.9. Energy dispersive X-ray spectroscopy (EDX) 
EDX is an analytical technique incorporated into SEM, which gives information on the 
chemical composition (elemental distribution) of the sample surface (biological or 
synthetic materials) after interaction with an electrical beam. This results in emission of 
a characteristic X-ray pattern by the atoms and ions located within the top few 
micrometres of the sample surface (Barbour and Rees, 2004; Schlüter et al., 2011). 
 
EDX has the ability to measure the concentration of calcium, phosphorous and fluoride 
in sound, demineralised, and remineralised enamel surfaces, as well as the 
concentrations of new mineral depositions from therapeutic treatments (Naumova et al., 
2012; Amaechi et al., 2013; Gjorgievska et al., 2013). However, Canli (2010) reported 
that the accuracy of quantitative information obtained from EDX is questionable as 
there are many factors affecting the intensity of the peaks in its spectrum, such as the 
beam voltage changes, and the overlapping of some peaks that might interrupt the 
findings. Moreover, it has insufficient resolution in detecting some elements, since the 
density of the tested material affects the degree of electron beam penetration within the 
sample. Hence, when EDX is used as a qualitative method, it will give valuable and 
accurate information to determine the chemical composition of the material. 
 
2.11.8.10. Qualitative Light Fluorescent (QLF) 
QLF is non-destructive and thus is a suitable method for quantitative measurements of 
one and the same lesion at different times. The first image of this series is made of the 
sound tooth, which serves as the baseline for all later images. QLF utilises fluorescent 
light that is not induced by X-rays or other ionising radiation but by visible or near 
ultraviolet radiation (Angmar-Masson and Bosch, 2001). 
 
2.11.8.11.  Optical microscopic techniques 
Polarised light microscopy has been used to obtain information about the mineral 
content of enamel surface in vitro by illuminating a bi-refringent sample (enamel) with a 
polarised light that interacts strongly with the sample generating a contrast with the 




Silverstone, 1984). As it is unclear whether the liquid fully fills the pores of 
demineralised enamel or not, this technique has been used to provide only qualitative 
information, such as the histological examination of enamel (Lo et al., 2010). 
 
2.12. Bioactive glasses 
Bioactive glasses are amorphous materials that lack long-range structural order, unlike 
crystalline materials that have long-range order with atomic positions repeated in space 
in a regular array (Figure 2.5) (Jones and Clare, 2012); these glasses also vary in 
composition. The first bioactive glass, Bioglass® 45S5, was discovered by Professor 
Larry Hench in the late 1960s. This glass is composed of SiO2 (46.1mol%), CaO 
(26.9mol%), Na2O (24.4mol%), and P2O5 (2.6mol%) and has been in clinical use within 
both medicine and dentistry since 1985 (Hench et al., 1971; Elagayer et al., 2003; 
Hench, 2006). Bioactive glasses have varying mechanical, physical, thermal, and 
chemical properties, depending on their composition. However, compared with bone, 
they cannot be used in load bearing areas because they have: lower tensile strength 
(42MPa) and lower fracture toughness (0.6MPa.m1/2) than that of cortical bone (50-
150MPa and 2-12MPa.m1/2, respectively), and higher compressive strength (500MPa) 
and higher elastic modulus (35MPa) than that of cortical bone (100-230MPa and 7-
30MPa, respectively) (Amaral et al., 2002; Kokubo et al., 2003; Chen et al., 2012). 
                                         
a) Crystalline glass (ordered structure)                   b) Bioactive Glass (amorphous)                                                                               
Figure 2.5. Molecular difference between a) crystalline glass 
(https://commons.wikimedia.org/wiki/File:SiO%C2%B2_Quartz.svg) and b) bioactive 





 Structure of bioactive glasses 
Numerous attempts have been made to explain the structure of bioactive glasses but 
Zachariasenʼs random network theory is the most widely accepted proposing that a 
glass is composed of a random three-dimensional network made from irregular units 
(Jones and Clare, 2012). By applying this concept, silicate glasses are composed of a 
three-dimensional network based on a SiO4 tetrahedron, where the silicon ion is 
positioned at the centre of the tetrahedron, and four oxygen ions are at the four 
corners. Each oxygen ion is shared either between two silicons forming silicon oxide, or 
one silicon and another cation ion (e.g. Na+, Ca2, Al3+,…), and form various oxides. 
When the oxygen connects two silicons, it is termed a bridging oxygen (BO), while 
sharing oxygen between one silicon and another ion is defined as a non-bridging 
oxygen (NBO) (Figure 2.6) (Jones and Clare, 2012).  
 
 
Figure 2.6.  (a) Silica tetrahedron and (b) Four tetrahedra linked to one central 
tetrahedron by bridging oxygen (BO) ions (Adapted from Jones and Clare, 2012) 
 
The oxides of the glass network structure can be classified according to the 
electronegativity of cations into (Shelby, 2005): 
(i) Glass formers: These oxides (for example, silicon oxides and phosphorus oxide) are 
considered to be the backbone of the glass network structure. They have high 
electronegativity and can form a glass network on their own when melted.   
(ii) Glass modifiers: These oxides (for example, calcium oxides, sodium oxides and 









glass formers, since they have low electronegativity and can disrupt or modify a glass 
network.  
(iii) Glass intermediates: These oxides (magnesium oxides, aluminium oxides and zinc 
oxides) are not able to form a glass network on their own but can either reinforce or 
loosen the glass network when they are melted with glass formers because they have 
slightly lower electronegativity than glass formers. 
 
The role of these metal oxides can be determined by their field strength measurement 
index, based on the Dietzel’s theory of glass (Scholze, 2012), which can be defined as 
follows (Equation 1.1): 





Where Z is the charge of the metal cation (M+) and a is the M-O bond distance 
(nanometers) in the metal oxide. The oxides that tend to behave as modifiers should 
have field strength index of between 0.1 and 0.4, whereas those that behave as 
intermediates should have field strength index in a range of 1.3 to 2.0. 
 
With regard to the bonds in the glass network structure, there are two types: i) bridging 
oxygen bonds (BO bonds), which link together two network forming silicon atoms (Si4+) 
with an oxygen atom (Si-O-Si), leading to the formation of the backbone of the glass 
network, and ii) non-bridging oxygen bonds (NBO bonds). The latter bond glass 
modifier atoms (Na+ and Ca2+) with oxygen atoms after replacing a glass former atom 
(Si4+), resulting in disruption of the glass network. Generally, when glass modifiers are 
increased, the number of non-bridging oxygens is also increased. This weakens and 
disrupts the glass network because the non-bridging oxygens break the strong bridging 
oxygen bonds (A-O-A; where A= a glass former atom) forming weak ionic bonds. The 
latter bond is between an oxygen ion that carries a partial negative charge and 
connects to a glass network former ion at one end only, whilst the other end is 
connected to a glass network modifier ion, resulting in decreased connectivity of the 






Figure 2.7. A schematic structure of a random glass composed of glass formers 
and glass modifiers (Adapted from Hench and June, 1999) 
 
 Network connectivity 
The average number of bridging oxygen atoms per network forming element is known 
as the network connectivity (NC) of that glass. It is a useful tool in designing new 
bioactive glasses because the number of bridging oxygens determines the 
characteristic features of the glass network structure (Hill, 1996). For example, a glass 
with a network connectivity of two would have an average of two bridging oxygen atoms 
per silicon atom. A glass of network connectivity of three would have an average of 
three bridging oxygen atoms per silicon atom, and so on. In addition, the Qn structure of 
glasses, which determines the shape of the glass network, has a strong relationship 
with network connectivity values since (n) also represents the number of bridging 
oxygens per silicon atom. From this, NC of 4 corresponds to Q4 structures, representing 
four bridging oxygen atoms per silicon atom, such as pure silica glass. NC of 3 
corresponds to Q3 structures denoting a silicon atom connected to three bridging 
oxygen atoms (SiO3)2-. Q3 structures are presented mostly in three dimensions. NC of 2 
corresponds to Q2 structures where the silicon atom has two bridging oxygen atoms 
(SiO2), presented as linear silicate chains. NC of 1 corresponds to Q1 structures 
representing as a silicon atom has one bridging oxygen atoms. They are presented as 
a single unit (SiO). In terms of how to calculate the network connectivity of bioactive 








   
(1.2) 
 
Where BO is the total number of bridging oxygens per network-forming silicon ion, NBO 
is the total number of non-bridging oxygens per network modifier ions and G is the total 
number of glass-forming units. To calculate the network connectivity for a bioactive 
glass of SiO2-Na2O-CaO-P2O5 structure, O’Donnell et al. (2008a) suggested two 
different equations depending on two assumptions (see section 2.12.6.2 for further 
details). In the first assumption, phosphate (P) incorporates into the silicate glass 
network structure forming Si-O-P bonds. Therefore, the network connectivity is 
calculated following equation (1.3): 
 NC = 2 +
[(2 ×  SiO2)  + (2 ×  P2O5)]  −  [(2 ×  CaO) + (2 ×  Na2O)]
SiO2  +  (2 ×  P2O5)
 (1.3) 
 
Conversely, the second assumption was based on presuming that the phosphate is 
present as orthophosphate species (PO4)3- rather than being a part of the silicate glass 
network structure. This orthophosphate species (PO4)3- has three negative charges that 
require three positive charges from modifier cations (e.g. Na2+, Ca2+) to charge-balance 
itself. Thus, the network connectivity can be calculated according to equation (1.4):  
 NC = 2 +




Interestingly, by applying these two equations on the bioactive glass (45S5) 
composition, the network connectivity values equal 1.9 and 2.1, respectively. FitzGerald 
et al. (2007) and Pedone et al. (2010) derived a network connectivity of 2.1, confirming 
the second assumption of O’Donnell et al. (2008a). This agreement clearly reveals that 
the phosphate content of bioactive glass 45S5 presents as an orthophosphate species 
(PO4)3- and suggests that the concept of calculating network connectivity may be 
theoretically used as a tool in designing new bioactive glasses. Furthermore, Eden 
(2011) developed the split network model to assess the average glass network 
polymerisation (rf) and the mean number of bridging oxygen atoms per network former, 




with different network connectivities and different rf values finding that these differences 
resulted in alteration of the glass properties. Similar conclusions were made by Hill 
(1996) and Hill and Brauer (2011), who reported a correlation between glass bioactivity 
and their NC, while studying glasses with different network connectivities. 
 
Eden’s (2011) split network model demonstrated that optimum bioactivity existed when 
the network connectivity of a glass ranged between 2.0 and 2.6, while a NC below 1.8 
and above 2.7 was considered as unfavourable for the glass bioactivity. These findings 
are in agreement with Hill (1996) who suggested in his NC model that glass has an 
optimum bioactivity when its NC was close to 2.0 and less than 2.4 (Figure 2.8). To 
explain this, the glass bioactivity, as proposed by Hench (1991), depends on the 
dissolution process that occurs at the surface of the glass in a physiological solution 
allowing for apatite formation. Consequently, glasses of two dimensional chains (NC=2) 
would be more effective for glass dissolution (glass bioactivity) than three-dimensional 
silicate glasses (NC=3), since the former glasses would have a larger surface area 
compared to volume ratios, and a greater number of glass sites that would react with 
the surrounding solution. The glasses with a NC above two begin to change their 









Figure 2.8. Graph illustrating the relationship between network connectivity (NC) 
and bioactivity (Adapted from Hill, 2009) 
 
 
 Bioactivity of bioactive glasses 
Bioactivity can be defined as the ability of a material to induce a specific biological 
activity, forming a bond between the tissue and the material. Bioactive glasses are 
surface reactive substances because their surface undergoes structural and chemical 
changes, resulting in degradation of the glass. The dissolved products change the pH 
and composition of the physiological solution, leading to an increase in pH and 
formation of a unique chemical bond between the glass surface and ions in the 
physiological solution. A hydroxyapatite layer is formed on the applied glass surface. 
The mechanism of apatite formation proposed by Hench is as follows (Hench, 1991; 
Jones and Clare, 2012): 
 
i) Rapid ion exchange of alkali-metal cations (Na+) with H+ from physiological solution.  
ii) Loss of soluble silica, leaving behind Silanol groups (Si-OH bonds) on the glass 
surface.                 
iii) Condensation and re-polymerisation of the Si-OH bonds to create a silica-rich layer 
on the glass surface. 




iv) Migration of Ca2+ and PO43- groups from inside the glass and from the body fluid, 
forming an amorphous calcium phosphate layer that grows on the silica-rich layer at the 
glass surface. 
                         
v) Crystallisation of the amorphous layer by incorporation of OH- from the solution 
leading to hydroxyapatite formation. 
                       
Although Hench clearly explained apatite formation, he did not provide any information 
about the bioactive behaviour of a glass, nor its structure. Thus, the introduction of the 
concept of network connectivity to predict the bioactive behaviour of glasses containing 
particular elements in any composition has gained attention (Hill, 1996; Hill and Brauer, 
2011). There are, however, still some limitations in designing new glasses and 
predicting their bioactivity relying on only NC values since the concentration of modifier 
ions could also affect the glass bioactivity and other glass characteristics, while the NC 
is kept constant. 
 
 Glass formation 
Generally, the classical way to form a glass is by super-cooling a highly viscous molten 
liquid very rapidly to a temperature below its melting temperature (Tm), to form a 
viscoelastic solid state (glass formation), without crystallisation (crystal formation) 
taking place. The atomic arrangement of the molten liquid will be changed gradually 
during cooling to form either a periodic, long-range ordered atomic structure (crystal), or 
a random, short-range ordered atomic structure (glass)(Shelby,2005). 
 
The volume/temperature diagram (Figure 2.9) shows the changes in the volume of the 
molten liquid as it is cooled to form either a glass or a crystal, depending on the cooling 
rate. If the cooling rate of the molten liquid is slow below its melting temperature, 
crystallisation (crystal formation) would occur accompanied by a sharp decrease in the 
volume. Conversely, if the cooling rate is fast, a glass will be formed from the super-
cooled liquid with no abrupt decrease in the volume, since the atomic structure of the 
liquid has no time to rearrange into a periodic, long-range ordered arrangement. Thus, 




2005). If crystallisation occurs, there will be a decrease in the glass dissolution rate and 
bioactivity due to a limited exchange of ions (Ducheyne et al., 1997; Brauer et al., 2010; 
Mneimne et al., 2011). 
 
The transition from a viscous liquid state to a glassy solid state occurs over a 
temperature range with no definite temperature (Paul, 1989; Shelby, 2005). However, it 
is beneficial to use a single temperature as an indication of the onset of the 
transformation from one state to another during cooling or heating. This temperature is 
called the glass transformation temperature or glass transition temperature (Tg; Shelby, 
2005). Furthermore, the difference in the thermal history between the glassy solid state 
and viscous liquid state of the same material intersects at a temperature called fictive 
temperature (Tf) where equilibrium occurs between the liquid and solid states of the 
material (Paul, 1989).  
 
Figure 2.9. Effect of temperature on the volume of glass forming melts (Adapted 





 Glass synthesis 
Bioactive glasses can be produced using two processing methods. These include: i) the 
traditional melt–quench route, which utilises high temperatures (above 1300ºC) to melt 
the oxides together in a crucible. The molten mixture is quenched in a graphite mould 
or in water; ii) the sol-gel route, with temperatures of 600-700°C to form a gel from a 
glass solution after undergoing polymerisation at room temperature. This gel, which is a 
wet inorganic polymer, similar to a highly cross-linked short chain inorganic polymer, is 
dried and heated to 600°C to produce a pure, homogenous glass (Jones and Clare, 
2012). Therefore, the temperature required to form a glass using the sol-gel route is 
lower than that required by the melt–quench route. However, the use of the sol-gel 
route is limited as it takes considerably longer than the melt-quench route (Shelby, 
2005). 
 Assessment techniques to investigate glass characteristics 
Different techniques are used to investigate the glass characterisitics including: 
 
a. Fourier-transform infrared spectroscopy (FTIR) 
 
FTIR is a technique used to obtain an infrared absorption or emission spectrum of a 
solid, liquid or gas with infrared radiation is passed through a sample. Some of the 
infrared radiation is absorbed by the sample and some of it is passed through 
(transmitted). The FTIR spectrometer simultaneously collects high-spectral-resolution 
data over a wide spectral range. The resulting spectrum represents the molecular 
absorption and transmission, creating a molecular fingerprint of the sample with 
absorption peaks which correspond to the frequencies of vibrations between the bonds 
of the atoms making up the material. Since each different material is a unique 
combination of atoms, no two compounds produce the exact same infrared spectra 
(Kazarian and Chan, 2006). 
 
Generally, there are three types of FTIR namely: Transmission, attenuated total 
reflectance (ATR) and specular reflectance. ATR is commonly used to probe the 
surface properties of materials rather than their bulk properties. The penetration depth 




function of the crystal, angle of incidence, and wavenumber but it is in the range of 
microns. This limited path length into the sample avoids the problem of strong 
attenuation of the infrared signal in highly absorbing media, such as aqueous solutions. 
In the ATR technique, the samples are examined directly in the solid or liquid state 
without further preparation, while the transmission technique requires preparation of the 
sample into a pellet before the transmission measurement can be made. This requires 
expertise and can be time consuming (Kazarian and Chan, 2013). 
 
 
b. X-ray diffraction (XRD) 
 
XRD is one of the most important non-destructive tools to analyze all kinds of matter 
ranging from fluids, to powders and crystals. This technique is used for the identification 
of crystalline phases of various materials and the quantitative phase analysis 
subsequent to identification. X-ray diffraction is superior in elucidating the three-
dimensional atomic structure of crystalline solids. The properties and functions of 
materials largely depend on the crystal structures (Moore and Reynolds, 1989). 
  
The Bragg equation, nλ = 2dsinθ is central to understanding X-ray diffraction. In this 
equation, n is an integer, λ is the characteristic wavelength of the X-rays impinging on 
the crystallize sample, d is the interplanar spacing between rows of atoms, and θ is the 
angle of the X-ray beam with respect to these planes. When this equation is satisfied, 
X-rays scattered by the atoms in the plane of a periodic structure are in phase and 
diffraction occurs in the direction defined by the angle θ. In the simplest instance, an X-
ray diffraction experiment consists of a set of diffracted intensities and the angles at 
which they are observed. This diffraction pattern can be thought of as a chemical 
fingerprint, and chemical identification can be performed by comparing this diffraction 










c. Magic angle spinning- Nuclear Magnetic resonance (MAS-NMR) 
 
Magic-angle spinning (MAS) is a technique often used to perform experiments in solid-
state NMR spectroscopy and, more recently, liquid proton nuclear magnetic resonance 
(McDermott and Polenova, 2012). 
 
Solid-state magic angle spinning (MAS) NMR provides a versatile method for the 
determination of structure for ordered systems without translation symmetry, such as 
proteins, macromolecular complexes, aggregates, or membrane systems. Two 
directionally dependent interactions commonly found in solid-state NMR are the 
chemical shift anisotropy (CSA) and the internuclear dipolar coupling. Anisotropic 
interactions modify the nuclear spin energy levels (and hence the resonance frequency) 
of all sites in a molecule, and often contribute to a line-broadening effect in NMR 
spectra. This technique is used to obtain high resolution NMR data from solids when 
the solid sample is placed in a rotor and mechanically rotated (spinning) at a high 
frequency (1 to 130 kHz) about an axis oriented at the magic angle θm (54.74°) with 
respect to the direction of the static magnetic field. By spinning the sample, the 
normally broad lines become narrower, increasing the resolution for better identification 
and analysis of the spectrum. The physical spinning of the sample is achieved via an 
air turbine mechanism. These turbines (or rotors) come in a variety of diameters 
(outside diameter), from 0.70–15 mm, and are usually spun on air or nitrogen gas. The 
rotors are made from a number of different materials such as ceramics e.g. zirconia, 
silicon nitride or polymers such as poly (methyl methacrylate) (PMMA), 
polyoxymethylene (POM). The cylindrical rotors are axially symmetric about the axis of 
rotation. Samples are packed into the rotors and these are then sealed with a single or 
double end cap. These caps are made from a number of different materials e.g. Kel-F, 







 Effect of changing various ions within the glass composition on the 
glass structure and bioactivity 
2.12.7.1. Effect of changing sodium ions 
The content of sodium oxide (Na2O) within the glass composition can influence the 
properties of a bioactive glass. Wallace et al., (1999) studied the effect of adding one 
mol of Na2O for every one mol of CaO removed to maintain the same value of network 
connectivity. The authors reported that increasing the sodium content in a series of 
glasses (from zero mol% to 26.5mol%), with a constant network connectivity value 
close to 2 resulted in a linear decrease in the glass transition temperature (Tg) (from 
750°C to 500°C). This was attributed to the substitution of CaO for Na2O that led to a 
disrupted silicate glass network, since one Ca2+ was replaced by two Na+ ions (Figure 
2.10). This resulted in the loss of the ionic bridges that Ca2+ ions provided between two 
adjacent non-bridging oxygens contributing to a decrease in the packing density of the 
glass. Therefore, less rigid glasses were formed that required a lower glass transition 
temperature (Tg) to transform them from a molten liquid to a glassy state. 
 
Figure 2.10. Representation of a highly-disrupted glass network after Ca2+ is 
replaced by two Na+ions (Adapted from Wallace et al., 1999) 
 
Conversely, it has also been demonstrated that decreasing the sodium content from 
24.4mol% to zero mol%, across a series of glasses with a constant network 
connectivity value close to 2 (NC=2.08) resulted in a linear increase in the Tg (from 
530°C to 730°C) and hardness (from 5.54GPa to 6.66GPa) (Farooq et al., 2013). The 
authors reported that this could relate to an increase in Ca2+ions (in exchange for Na+) 




leads to the formation of a highly cross-linked glass (rigid glass) that requires a higher 
Tg to transform it from the liquid state to the glassy state. 
 
2.12.7.2. Effect of changing phosphate ions 
a- Glass structure  
 
The effect of increasing phosphate content on the structural properties of bioactive 
glasses was studied by O’Donnell et al.(2008a). They designed two different series of 
bioactive glasses based on a similar composition to 45S5. The amount of phosphate in 
the first series was increased from 1.07mol% to 9.25mol% (substituting for reduced 
content silica from 49.46mol% to 37.28mol%; Table 2.6), whilst the ratio between 
modifier oxides (sodium oxide and calcium oxide) was kept constant (1:0.87), and was 
associated with inconstant network connectivities. The authors assumed that the 
phosphate ion acts as a glass former and incorporates itself in the silicate glass 
network forming Si-O-P bonds. 
 
In contrast, in the second series (Table 2.6) both modifier oxides (sodium oxide and 
calcium oxide) were increased to provide a sufficient number of cations (Na+ and Ca2+). 
The charge of these two cations balanced the negatively charged orthophosphate 
species (PO4)3-, which the authors assumed were present as the phosphate content 
was increased from zero to 6.33mol% (substituting for reduced content silica from 
51.06mol% to 38.14mol%, while the network connectivity value was kept constant 
(2.08). This aided in studying the effect of adding phosphate on its own without 

















Table 2.6. Glass compositions (mol%) and network connectivity (NC) assuming 
phosphate incorporated in the glass network and modified network 
connectivities (NC’) assuming phosphate is orthophosphate species (O’Donnell 
et al., 2008a) 
 
Bioactive glasses Mol% NC NC’ 
Series I SiO2 Na2O CaO P2O5   
ICIE1 49.46 26.38 23.8 1.07 2.04 2.13 
ICSW2 47.84 26.67 23.33 2.16 2.00 2.18 
ICSW3 44.47 27.26 23.85 4.42 1.92 2.30 
ICSW5 40.96 27.87 24.39 6.78 1.83 2.44 
ICSW4 37.28 28.52 24.95 9.25 1.75 2.62 
 
Series II       
ICSW1 51.06 26.10 22.84 0.00 2.08 2.08 
ICSW6 48.98 26.67 23.33 1.02 2.00 2.08 
ICSW7 47.07 27.19 23.78 1.95 1.92 2.08 
ICSW8 43.66 28.12 24.60 3.62 1.79 2.08 
ICSW10 40.71 28.91 25.31 5.07 1.67 2.08 
ICSW9 38.14 29.62 25.91 6.33 1.56 2.08 
 
 
Based on the findings of Magic-Angle-Spinning Nuclear Magnetic Resonance (MAS-
NMR) Spectroscopy, O’Donnell et al. (2008a) demonstrated that phosphate was 
present as orthophosphate species (see Figure 2.11a) for almost all of the first glass 
series, with the exception of the glass with the highest phosphate content (=9.25mol%); 
this glass also had the highest network connectivity (2.62). In addition, another X-ray 
diffraction (XRD) study by the aforementioned authors (O’Donnell et al., 2008b) 
revealed that the latter glass was partially crystalline, and its phosphate content existed 
as pyrophosphate (see Figure 2.11b). These findings were in agreement with the 
results of Grussaute et al. (2000), who also confirmed the presence of phosphate in the 
form of pyrophosphate in glasses of network connectivities above 2.5. The authors 
attributed the presence of pyrophosphate either to the partial crystallinity of this glass or 





In the second glass series with a constant network connectivity value of 2.08 
(O’Donnell et al., 2008a), the authors noted that the pyrophosphate species were 
absent and orthophosphate species were present, using (MAS-NMR) spectroscopy 
(O’Donnell et al., 2008a) and XRD analysis (O’Donnell et al., 2008b). These findings 
are in accordance with those reported by FitzGerald et al. (2007) and Pedone et al. 
(2010), who confirmed the presence of phosphate in 45S5 (NC=2.1) as orthophosphate 
species. There was no pyrophosphate, nor Si-O-P bonds, in the composition of glasses 




                                                                                   
a)   b) 
 
Figure 2.11. A schematic structure of 
a) Orthophosphate (http://eternawiki.org/wiki/index.php5/File:Phosphat-Ion.png)   




The effect of increasing the phosphate content on the glass structure was also studied 
by Tilocca et al. (2007a, 2007b), who used a modern computational technique called 
molecular dynamic (MD) simulations. They designed three glasses with high silica 
(46.1mol%, 56.5mol%, and 66.9mol%, respectively) and phosphate content (2.75mol%, 
2.63mol%, and 2.63mol%, respectively) (Tilocca et al., 2007a). This design resulted in 
an increase in the network connectivity values (2.07, 2.7and 3.24, respectively. In a 
subsequent study (Tilocca et al., 2007b), the phosphate content was increased (from 
zero mol% to 12.17mol%) by substituting silica content (i.e. decreasing silica) from 
48.87mol% to 36.30mol%, similarly to the first series described by O’Donnell et 




1.91 to 2.77. Both of Tilocca et al.’s studies confirmed the presence of phosphate in the 
form of orthophosphate species, by the presence of two dissolution processes - 
dissolution of the silica glass phase and dissolution of the orthophosphate glass phase. 
However, the authors also observed the presence of phosphate in the form of 
pyrophosphate species in some glasses, which had network connectivities above 2.5. 
This finding supported O’Donnell et al. (2008a) showing that pyrophosphate species 
exist in glasses with network connectivity above 2.5. This may explain why the 
bioactivity of these glasses is less than that of 45S5, which has network connectivity of 
between 2.08 and 2.1 and has only orthophosphate species as reported previously 
(Lockyer et al., 1995; Elgayar et al., 2005; O’Donnell et al., 2008a; O’Donnell et al., 
2008b; Brauer et al., 2009). This NC range of 2.08 to 2.1 seems to favour the formation 
of orthophosphate species that promote glass bioactivity. 
 
Mathew et al. (2013) has also elucidated the relationship between the presence of 
phosphate in the form of orthophosphate species in glasses and their network 
connectivities. The authors demonstrated that by keeping the phosphate content at 
approximately ≤6mol% in glasses of network connectivity between 2 and 2.5, the 
orthophosphate species were present and indiscriminately distributed in the silicate 
network glasses. These species occupy interstitial positions in the silicate glass 
network together with the calcium and sodium cations. These findings are in 
accordance with the aforementioned findings of O’Donnell et al. (2008a) and Tilocca et 
al. (2007a, 2007b) in glasses with approximately ≤6mol% phosphate content and 
network connectivity of between 2 and 2.5. Conversely, in glasses with high network 
connectivity (above 2.5) and high phosphate content (above 6mol%), the silicate 
network structure is highly cross-linked with insufficient spaces to accommodate 
orthophosphate species. Hence, the silica and orthophosphate tend to be phase 
separated at high network connectivity (above 2.5). This phase separation may result in 
the presence of phosphate content as pyrophosphate species in these glasses, which 







b- Glass physical properties 
O’Donnell et al. (2008b) have also assessed the physical properties of their two glass 
series (Table 2.6) by using Differential Thermal Analysis to determine their Tgs. They 
observed that Tg decreased when the phosphate content was increased in both glass 
series. This behaviour was unexpected and it contradicted the authors’ assumption. In 
the first glass series, they assumed that the addition of phosphate would simply reduce 
modifier cations (Na+ and Ca+2) from their modifying oxide states (sodium oxide and 
calcium oxide) available in the silicate glass network, to charge balance the added 
phosphate ions (orthophosphate species; (PO4)3-). Therefore, this would result in glass 
network polymerisation due to reducing non-bridging oxygens (modifier oxides) that will 
lead to an increase in Tg. In the second glass series, the added phosphate was 
assumed to be compensated by charge balancing from the added modifier cations (Na+ 
and Ca+2). This means that the silicate glass network would remain unchanged leading 
to no change in Tg.  
 
To explain this contradiction between the expected behaviour, which was relying on the 
hypothesis that Tg correlates with the degree of disruption of silicate glass network 
phase, and the real behaviour (a decrease in Tg), O’Donnell et al. (2008b) attributed 
this to phase separation into two phases, the silicate phase and the phosphate phase. 
They believed this separation was likely to occur in association with the addition of 
phosphate, and that the Tg was affected by both phases. Hence, they hypothesized 
that a ‘composite Tg’ appeared when this two-phase separation had occurred and this 
Tg did not depend only on the silicate phase, as expected. However, this explanation is 
doubtful and cannot be applied for glasses that have network connectivity below 2.5 
because this phase separation is unlikely to occur at this network connectivity value 
(Mathew et al., 2013).  
 
O’Donnell et al. (2008b) used X-ray Diffraction (XRD) to confirm that both first and 
second glass series (up to 6mol% phosphate content) were amorphous, with the 
exception of the glass (in the first glass series) that had 9.25mol% of phosphate and a 
network connectivity of 2.6, which was partially crystallised. The XRD results showed 
three crystalline phases in this glass: 68mol% NaCaPO4 (sodium calcium 




pyrophosphate). Thus, these crystalline phases support the assumption of 
pyrophosphate formation, and phase-separated glass phenomena that occurs in 
glasses with network connectivity above 2.5. These findings implied that the phosphate 
content should be no more than 6mol% and the glass network connectivity should be 
below 2.5 to avoid glass crystallisation which impairs the bioactivity of glass. These 
findings were in agreement with the results of O’Donnell et al. (2008a) using MAS-NMR 
and Mathew et al. (2013).   
 
c- Glass bioactivity 
 
In regard to the glass bioactivity and its relation to phosphate content, O’Donnell et al. 
(2009) immersed their two glass series (Table 2.6) in simulated body fluid (SBF), for 
different time intervals (up to 21 days). Fourier Transform Infrared Spectroscopy (FITR) 
and XRD were used to assess the bioactivity of these glasses by detecting their 
capability to form apatite, in a similar manner to Kokubo et al. (1990). In the first glass 
series, the glass with 6.78mol% phosphate content, which had a network connectivity 
value of 2.4, formed apatite after 16 hours’ immersion in SBF. These apatites were 
characterised by the presence of a distinct P-O splitting band at 550cm-1 (ATR-FTIR), 
and by the appearance of apatitic diffraction peak at 26° 2 Theta using XRD. In 
contrast, 45S5 of 2.6mol% phosphate content did not show these peaks during the 
same period. This suggests that increasing phosphate content of a glass will improve 
its bioactivity by forming apatite faster than 45S5. However, a glass with a much higher 
phosphate content (=9.25mol%) and higher network connectivity value (=2.6), from 
their first glass series, formed apatite more slowly (within one day) than glasses with 
approximately 6mol% phosphate content and network connectivity ~2 or less than 2.5 
(within 16 hours) in both glass series (Table 2.6). This may relate to the phosphate 
content glass (9.25mol%) being partially crystallised and forming pyrophosphate 
species that affected its bioactivity (apatite formation) (O’Donnell et al., 2008a; 2008b). 
This means that there are some constraints to increasing the phosphate content to 
enhance the bioactivity of glasses. Specifically, the network connectivity should be kept 
around 2 or less than 2.5, and the added phosphate should be no more than 6mol%, 
which will then be presented as the orthophosphate species. A proportional increase in 




Eden (2011), who reported that the phosphate content of glasses plays a significant 
role in enhancing glass bioactivity by forming apatite when the network connectivity is 
favorable (around 2 or less than 2.5). Otherwise, the added phosphate will lead to 
polymerisation of the glass network of high network connectivity (above 2.5). This 
would affect glass degradation and bioactivity because glasses with high network 
connectivity (above 2.5) have phosphate in the form of pyrophosphate rather than 
orthophosphate species (O’Donnell et al., 2008a; 2008b and Tilocca et al., 2007a; 
2007b).  
 
In a follow-on study to O’Donnell et al. (2009), Mneimne et al. (2011) reported that 
increasing the phosphate content of fluoride-containing bioactive glasses led to a 
significant increase in the glass bioactivity and fluorapatite formation. This apatite 
formation occurred more rapidly (within 6 hours) in glasses of high phosphate content 
compared to those with low phosphate content (within 3 days). These researchers also 
found that increasing the phosphate content in fluoride-containing bioactive glasses 
resulted in the formation of fluorapatite rather than calcium fluoride (fluorite) using 
MAS-NMR analysis.  
 
In summary, it could be concluded that the presence of phosphate in the form of 
orthophosphate is the most important factor for increasing bioactivity. Orthophosphate 
is highly degradable and extremely soluble in physiological solutions; this will lead to an 
increase in the degradation of the glass (glass solubility) and consequently its 
bioactivity (apatite formation). However, this is reliant on the network connectivity of 
these glasses being kept below 2.5 with the phosphate content being approximately 
6mol%.  
 
2.12.7.3. Effect of changing fluoride ions 
a- Glass structure  
 
The incorporation of fluoride in bioactive glasses has gained interest since it has the 
capability to i) inhibit enamel demineralisation as it forms fluorapatite, which is more 
chemically stable than hydroxyapatite, and would therefore less readily dissolve when 




hypersensitivity by precipitating apatite on to the tooth surface and subsequently 
occluding exposed dentinal tubules (Lynch et al., 2012), and iii) enhance bone 
mineralisation by promoting bone cell activity to proliferate and regenerate new bone 
tissue (Caverzasio et al., 1998; Gentleman et al., 2013). All these advantages led to 
investigation on fluoride incorporation into the glass network and its effect on the glass 
structure and bioactivity. 
 
A number of studies have evaluated the effects of adding fluoride to the glass network 
structure by substituting a glass-modifying oxide, such as sodium oxide or calcium 
oxide with calcium fluoride (Stebbins and Zeng, 2000; Lusvardi et al., 2008; Christie, 
2011). This reduced the non-bridging oxygen content in the glass network structure 
resulting in the formation of highly cross-linked glasses with high bridging oxygens 
content. Consequently, both glass dissolution rate and glass bioactivity decreased. 
However, the outcome of these studies was difficult to interpret accurately as different 
glasses were designed with inconsistent ratios, and different methods were used to 
incorporate fluoride into these glasses. For example, Stebbins and Zeng (2000) 
investigated glasses with predominantly Q3 structure and demonstrated that fluoride 
was bonded only to high field strength modifier cations, whilst Lusvardi et al. (2008) 
designed glasses with mostly Q2 structure and observed that the addition of fluoride 
increased the polymerisation of the silicate glass network structure by reducing the 
modifier cations. 
 
Conversely, Brauer et al. (2009) also studied the effect of adding calcium fluoride on 
the glass network structure, whilst keeping the ratio between the glass components 
constant. These findings were beneficial in understanding the effect of adding fluoride 
on the glass properties, since the glass network structure was maintained (fixed 
network connectivity) without being disturbed by the addition of fluoride, confirmed by 
the absence of non-bridging fluorines (Si-F). There were no detectable amounts of Si-F 
by using MAS-NMR (Brauer et al., 2009). This means that calcium fluoride did not bond 
to the silicate network structure. In addition, the MAS-NMR peaks were identical for all 
glasses with increasing calcium fluoride content from 4.53mol% to 32.71mol%, thus 
confirming a constant theoretical network connectivity value (2.13) for all experimental 
glasses, since calcium fluoride was not added at the expense of glass network 




Furthermore, the authors also observed that fluoride formed complex structures with 
calcium. This outcome was in agreement with Hayashi et al. (2004) and Watanbe et al. 
(2004). The latter studies demonstrated that there was no change in the network 
connectivity values across a series of sodium-free glasses, with only calcium present 
as a modifier, confirming the formation of fluoride complexes with calcium.  
 
In summary, the addition of fluoride to the glass network structure promotes the 
formation of complexes between fluoride ions and calcium with no Si-F bonds. This can 
be achieved in glasses that have network connectivities close to two, and a constant 
ratio between the glass components. Conversely, substitution of fluoride by a glass 
modifier oxide, such as calcium oxide or sodium oxide may increase the network 
connectivity value. Therefore, highly cross-linked glass may be formed due to a 
reduction in glass modifiers (non-bridging oxygen content). This in turn affects the glass 
bioactivity.  
 
b- Glass physical properties 
With regard to the effect of adding calcium fluoride on the physical properties of glass, 
Brauer et al. (2009) used Differential Scanning Calorimetry (DSC) to assess the 
changes in the thermal behaviour. The authors found that increasing calcium fluoride 
content led to a decrease in the glass transition temperature (Tg), the onset of 
crystallisation and crystallisation peak temperatures. This may be attributed to fluoride-
free glasses having divalent calcium ions (Ca2+) that form ionic bridges (electrostatic 
forces) between two adjacent non-bridging oxygens (silicate anions, SiO1-). In contrast, 
in fluoride-containing glasses, the fluoride ions form complexes with calcium ions 
(hypothetical CaF+ species) resulting in a reduced positive charge of the calcium ion 
from two to one, allowing the complex to bond only to one non-bridging oxygen instead 
of two (Figure 2.12). Thus, this would weaken the glass durability and impair the 






Figure 2.12. Illustration of hypothetical effect of CaF2 addition on silicate network 
(Adapted from Brauer et al. 2009) 
 
c- Glass bioactivity 
Brauer et al. (2010) designed a series of glasses that had a similar composition to 45S5 
but with a lower phosphate content (between 0.97mol% to 1.07mol%) compared to that 
of 45S5 (2.6mol%). The fluoride was also added to this glass series in the form of 
calcium fluoride, ranging between zero to 9.28mol%, whilst the ratio of glass modifiers 
to glass formers and the network connectivity across the glass series was kept 
constant. The authors immersed these glasses in simulated body fluid (SBF) for three 
different immersion periods to study their bioactivity. They reported that apatite 
formation was retarded in the lowest fluoride content (4.75mol%) glass compared to 
their respective fluoride-free glasses after 1-week immersion in SBF. The formation of 
fluorapatite was characterised by ATR-FTIR, X-ray diffraction and MAS-NMR analysis. 
In addition, the other fluoride-containing glasses across Brauer et al.’s (2010) glass 
series showed fluorapatite and some crystal phases represented by calcium fluoride 
(fluorite) during the same period. 
 
A follow-up study to Brauer et al.’s (2010) study was performed by Mneimne et al.’s 
(2011). They designed two fluoride-containing glass series which were immersed in 
Tris buffer solution for different periods. The first glass series was similar to that of 




glasses with high phosphate content (Table 2.7). They reported that the glass with the 
lowest fluoride content (4.75mol% and 4.53mol%) in the first and second glass series 
formed apatite faster than their respective fluoride-free glasses and other glasses within 
the glass series. This finding contradicted Brauer et al.’s (2010) results, although the 
type of immersion solution (Tris buffer or simulated body fluid) varied between the 
experiments. In addition, the glass with 4.53mol% fluoride content in the second-high 
phosphate glass series formed apatite faster (after 6 hours of immersion) than the glass 
with 4.75mol% fluoride content in the first low phosphate series (after 3 days). This 
finding agrees with O’Donnell et al.’s (2009) study by showing the importance of 
increasing phosphate content on the rate of apatite formation. Furthermore, the other 
fluoride-containing glasses of both Mneimne et al.’s (2011) glass series revealed 
apatite formation with some crystal phase (calcium fluoride) after 1-week immersion in 
Tris buffer solution. These apatites were characterised by using MAS-NMR, ATR-FTIR, 
and X-ray diffraction (XRD).  
 
Table 2.7. Nominal glass composition of Mneimne et al.’s (2011) study in mol% 
with theoretical network connectivity (NC’) 
Bioactive glasses Mol% 
 
NC’ 
Series I SiO2 Na2O CaO P2O5 CaF2  
A 49.46 26.38 23.08 1.07 - 2.13 
B 47.12 25.13 21.98 1.02 4.75 2.13 
C 44.88 23.93 20.94 0.97 9.28 2.13 
D 42.73 22.79 19.94 0.92 13.62 2.13 
E 40.68 21.69 18.98 0.88 17.76 2.13 
F 36.83 19.64 17.18 0.80 25.54 2.13 
H 44.88 - 44.87 0.97 9.28 2.13 
 
Series II       
A2 38.14 29.62 25.91 6.33 - 2.08 
B2 36.41 28.28 24.74 6.04 4.53 2.08 
C2 34.60 26.87 23.51 5.74 9.28 2.08 
D2 32.95 25.59 22.38 5.47 13.62 2.08 
E2 31.37 24.36 21.31 5.21 17.76 2.08 
F2 28.40 22.06 19.29 4.71 25.54 2.08 





In summary, both Brauer et al. (2010) and Mneimne et al. (2011) agreed on the 
presence of some crystal phases (fluorite) over apatite when the amounts of fluoride 
content exceeded 5mol% in fluoride-containing bioactive glasses with low and high 
phosphate content. However, both studies contradicted each other in terms of the effect 
of fluoride within the glass composition on the rate of apatite formation.  
 
Mneimne (2014) studied the effect of immersing two glasses (G1 and G2) with high 
phosphate content, and high phosphate and fluoride contents, respectively (Table 2.8), 
into three different solutions (Tris buffer, simulated body fluid, and artificial saliva) at 
different time intervals and pH. Both glasses (G1 and G2) formed apatite faster (6 
hours in Tris buffer, 24 hours in simulated body fluid, and 30 minutes in artificial saliva) 
than 45S5 glass (24 hours in Tris buffer, 72 hours in simulated body fluid, and 45 
minutes in artificial saliva). The difference in the observed apatite formation time 
between these solutions was attributed to the difference of the chemical composition of 
each solution, in particular to the addition of phosphate.  
 
Table 2.8. Glass composition of Mneimne’s (2014) study in mol% 
Bioactive 
glasses 
SiO2 Na2O CaO P2O5 CaF2 
45S5 46.13 24.35 26.91 2.6 0.0 
G1 38.5 26.2 29.0 6.3 0.0 
G2 35.9 25.1 27.7 6.3 5.0 
 
 
Additionally, Bingel et al. (2015) studied the effect of immersion 45S5 (Bioglass®) glass 
in three solutions of varying pH: Tris buffer (pH 7.3), a basic Tris buffer solution (pH 9), 
and acetic acid (pH 5) over different immersion times. 45S5 glass promoted apatite 
formation after 3 hours of immersion in acetic acid, after 24 hours in Tris buffer solution 
(pH 7.3), and after 72 hours in Tris buffer solution (pH 9). Both of these studies 
(Mneimne, 2014; Bingel et al., 2015) clearly demonstrate the influence of different 
dissolution solutions and pH of the same solution both on the degradation of glasses 





 Application of bioactive glasses 
It has been reported that the first clinical use of bioactive glass was in the 
reconstruction of the bony ossicular chain of the middle ear for the treatment of 
conductive hearing loss (Greenspan, 1999). Nowadays, these glasses have a wide 
range of applications. These include: 
 
i) Medical applications: Bioactive glasses have been used as bone grafts and bone 
cements, for bone replacement and regeneration in orthopaedic applications. 
Ilharreborde et al. (2008) suggested in a comparative retrospective study that Bioglass® 
was effective as an iliac crest graft to achieve fusion and maintain correction in thoracic 
adolescent idiopathic scoliosis. Peltola et al. (2006) reported that bioactive glass has 
the capability to be a reliable frontal sinus obliteration material, providing favourable 
conditions for total bony sinus obliteration in patients who suffered from chronic 
suppurative frontal sinusitis based on a longitudinal evaluation of 42 patients. 
ii) Dental applications: Several studies have confirmed that bioactive glasses are safe 
for dental use (Erol-Taygun et al., 2013). For example, bioactive glasses (NovaBoneTM 
and PerioglasTM) have been used to fill defects in the jaw, following the extraction of 
teeth, to reduce the resorption of lingual and buccal alveolar plates (Hench and Wilson, 
1993) and as a bone graft in alveolar ridge augmentation (Hench et al., 2013). In 
addition, Robinson (2013) suggested that bioactive glass (perioglasTM) can be used as 
a regenerative material to treat osseous periodontal disease without any biological 
complications since the ionic dissolution of this glass enhanced bone regeneration. 
Furthermore, Tai et al. (2006), in a randomised, double-blinded, controlled clinical trial, 
found that use of a dentifrice containing bioactive glass (NovaMinTM) significantly 
reduced gingival bleeding and decreased supragingival plaque compared with a use of 
a placebo dentifrice for 6 weeks. Du Min et al. (2008), in a 6-week, randomised, 
parallel-arm, double-blind clinical study, also reported that NovaMinTM dentifrice was 
more effective at reducing dentine sensitivity compared with a commercial dentifrice 
and placebo control. 
 
Furthermore, Sauro et al. (2012) in an in vitro study suggested that resin bonding 
systems containing bioactive fillers may have a therapeutic effect on the nano-




micro-permeability between the dentine surface and the resin layer and minimise the 
risk of demineralisation within the dentine surface. 
 
Bioactive glass propelled via air-abrasion devices have also been used in a number of 
in vitro studies as i) a surface modification material of titanium implants to enhance the 
process of implantation in osseous tissue (Koller et al., 2007), ii) a surface pre-
conditioning of WSLs to promote remineralisation of these lesions (Milly et al., 2015), iii) 
a stain removal material by polishing teeth surfaces (Banerjee et al., 2010), and iv) an 
abrasive material to selectively remove carious tooth structure (Paolinelis et al., 2008; 
Banerjee et al., 2011).  
 
2.13. Air-abrasion 
 Development of air-abrasion 
The basic concept of air-abrasion was first introduced by Robert Black in the early 
1940s for use in dentistry, as a less traumatic and more conservative operative method 
for removing dental caries and preparing cavities compared to conventional drilling 
methods. However, this technique did not gain popularity as it lacked the ability to 
prepare a cavity with well-defined margins and walls for metallic fillings, such as 
amalgam and gold, the most popular fillings at that time. Furthermore, the invention of 
the air turbine hand-piece in the 1950s simplified and expedited cavity preparations. It 
was also difficult to suck up generated dust particles because there was no sucking 
system at the time (White and Eakle, 2002; Hedge and Khatavkar, 2010). 
 
Many improvements were made to the air-abrasion system in the 1950’s by Rainey, 
including: i) reduced noise, heat and vibration compared with the conventional drilling 
methods, and ii) less dust production by using a water shroud in the air-abrasion 
system and utilising the development of high-velocity suction. These improvements 
allied to the development of modern adhesive restorative materials, which reduced the 
onus on mechanical retention for cavity tooth preparation, has prompted a re-
emergence of air-abrasion in dentistry (Hedge and Khatavkar, 2010; Sambashiva et al., 




a drive towards more conservative cavity tooth preparation in recent years 
(Sambashiva et al., 2011; Arora et al., 2012). 
 
 Air-abrasion: Theory and Practice 
Generally, air-abrasion devices are usually composed of a cart, table top and handheld 
models. Some of these devices have built-in additional features, such as a compressor, 
water spray and evacuation system. Operators can control these devices either 
mechanically or digitally (Sambashiva et al., 2011; Arora et al., 2012). In the current 
study, the Velopex Aquacut QuattroTM air-abrasion system is being used (Figure 2.13). 
The table top part of this machine consists of twin chambers and keys to manually 
control air pressure, powder flow rate and water supply.  
 
 
Figure 2.13. Velopex Aquacut QuattroTM air-abrasion system 
 
Air-abrasion utilises kinetic energy allowing the dental operator to propel a stream of 
abrasive powder particles using either compressed air or gas at high pressure and 
velocity on a specific area of the tooth. The particles are either sodium bicarbonate, 
aluminium oxide or bioactive glass powder 45S5 (SylcTM) (Hedge and Khatavkar, 
2010).  
 
Bioactive glass powder (45S5) propelled from this device has been shown to have a 
sustained desensitising and whitening effect (Banerjee et al., 2010). It was tolerated 
better and had improved handling properties for professional dental stain removal 
Keys 





compared with sodium bicarbonate powders (Banerjee et al., 2010) based on 25 
patients using a double-blind, split-mouth model and a Dentsply Cavitron Jet air-
polishing device (Dentsply, USA). In addition, this glass powder has the potential to 
selectively remove more carious enamel tooth surface than intact enamel tooth surface 
because of its lower hardness (458 VHN= 4.49GPa) compared to that of aluminium 
oxide powder (2300VHN=22.56GPa), minimising its abrasive effect on the intact 
enamel surface (hardness 3.5GPa) (Banerjee et al., 2008; 2011). Furthermore, 
bioactive glass powder (45S5) has the potential to remineralise WSLs as reported by 
Milly et al. (2014b). Consequently, compared to propulsion of aluminium oxide, 
bioactive glass powder (45S5) propelled via air-abrasion machine (AquacutTM, Velopex, 
Harlesden, UK) is a more conservative cutting method.  
 
The mode of action of the air-abrasion system depends on the kinetic energy (E) of the 
abrasive powder particles, calculated using equation 1.5: 
E = ½ MV2                               (1.5) 
Where M represents the mass of abrasive powder particles and V represents their 
velocity. 
 
This equation emphasises the fact that the cutting ability of air-abrasion relies on the 
energy of mass in motion rather than on the friction as in conventional drilling methods. 
When the abrasive powder particles strike a surface rapidly, most of their energy will 
transfer to that surface and if the latter is hard it will result in the removal of small 
amounts of that surface. Conversely, if the surface is soft, the energy is mostly 
absorbed and the abrasive particles bounce off (Sambashiva et al., 2011; Arora et al., 
2012). A range of variables may affect cutting efficiency with air-abrasion systems. 
These include (Hedge and Khatavkar, 2010; Sambashiva et al., 2011; Arora et al., 
2012): 
i) Hardness of the tissue or material being exposed to a stream of abrasive 
powder particles  
ii) Hardness of the propelled powder particles  
iii) Air pressure level 
iv) Shape and size of powder particles  




vi) Diameter and angle of nozzle tip  
vii) Operating distance from the tooth surface 
 
In an in vitro study, Santos-Pinto et al. (2001) found that propelling 27µm aluminium 
oxide particles by an air-abrasion machine (PrepStar, Danville Eng, San Ramon, CA, 
USA) with an 80° angle nozzle tip produced narrow, deep cuts and a 45° angle nozzle 
tip produced shallow cavities, while using 0.38 or 0.48 mm inner tip diameters. In 
addition, in an in vitro study, Paolinelis et al. (2009) examined the cutting rate of the air-
abrasion technique using aluminium oxide (particle size 27µm) and AbradentTM air-
abrasion machine (Crystalmark, CA, USA). The authors found the following: i) 
increasing the propellant pressure (20, 40, 60, 80, and 100 (psi) pounds per square 
inch) caused an almost linear increase in the cutting rate, ii) increasing the powder flow 
rate (0.5, 1, 1.5, 2, 2.5, and 3 g/minute) caused an increase in the cutting rate but with 
different patterns for different propellant pressures, iii) the 60° and 75° nozzle angles 
produced the highest cutting rates for static and dynamic cutting, respectively, whilst 
45° and 90° nozzle angles produced lower cutting rates using different operating 
distances (1, 2, 3, 4, 5 and 6 mm). The authors suggested that using 60 psi at 5mm 
from the enamel surface at a flow rate of 2.5g/minute produced the highest cutting 
efficiency. Furthermore, in an in vitro study Farooq et al. (2013) reported that using a 
bioactive glass powder with a specific formulation with decreased sodium content (in 
exchange for calcium) resulted in an increase in the hardness of the glass powder, 
which significantly decreased the cutting time of the glass powder propelled via 
VelopexTM air- abrasion machine. 
 
To maximise the cutting efficiency, it was demonstrated that using air-abrasive powder 
particles harder than the target surface lead to abrasion (Horiguchi et al., 1998). The 
latter study, for example, demonstrated the possibility of selective caries removal using 
air-abrasion. Four types of air-abrasive (alumina powder, glass beads, crashed glass 
powder and crushed polycarbonate resin) were propelled via an air-abrasion machine 
(Heraeus, Hanau, Germany) on intact human enamel, dentine, and demineralised 
dentine (caries-model dentine). Alumina was shown to remove more intact enamel and 
dentine rather than just carious dentine than was found with alternatives because of its 
high hardness (2300VHN) compared to the other powders (550VHN) and 




more intact enamel and dentine surface without having better efficiency in terms of 
caries removal compared with the spherical glass beads in spite of similar hardness. As 
such, angular particles can penetrate deeper in the caries tissues, where some of their 
kinetic energy may be lost by the cushioning effect between angular particles and soft 
carious dentine. Increasing the particle size of both alumina and crushed glass powders 
increased the amount of intact enamel and dentine removed due to a commensurate 
increase in kinetic energy, which is proportional with the mass of these particles. 
Conversely, the spherical glass particles removed more carious dentine than intact 
enamel and dentine. These particles cannot penetrate deep into carious dentine 
because of its smooth surface; hence, their energy leads preferentially to deformation 
and destruction of carious dentine. Furthermore, crushed polycarbonate resin was the 
only air-abrasive powder that selectively removed the carious dentine without damaging 
intact enamel and dentine due its lower hardness, which was similar to that of intact 
enamel and dentine.  
 
Another interesting previous observation reported by Milly et al. (2014a) was that 
propelling the glass powder via air-abrasion machine (AquacutTM, Velopex, Harlesden, 
UK) with a curtain of water did not affect either the cutting efficiency or the cutting 
pattern, since no significant differences were observed between the wet and dry air-
abrasion systems. In addition, increasing the operating distance between the nozzle tip 
and the target surface resulted in an increase the cutting surface area and vice versa 
(Peruchi et al., 2002). It therefore appears that the hardness, size and shape of 
propelled abrasives, allied to operating parameters may have a bearing on the 
efficiency and safety of removal of dental materials and other substrates. 
 
 Advantages of air-abrasion 
Air-abrasion is regarded as a minimally invasive procedure preserving tooth structure 
without any apparent damage such as cracking, chipping and micro fractures, which 
are evident with conventional drilling methods. Laurell et al. (1995), in an in vitro study, 
used scanning electron microscopy to compare the effects of two techniques in 
preparing Class V buccal cavities on 28 extracted teeth. The authors revealed that 




chipping of the cavosurface margin, and striated internal surfaces, whereas air-
abrasion (using aluminium oxide particles) had rounded cavosurface margins and 
internal line angles. 
 
The aforementioned findings have been confirmed by Mhatre et al. (2015), in an in vitro 
study. They reported that the enamel surface roughness, after removal of orthodontic 
composite remnants (TransbondTM and HeliositTM), by the intraoral sandblasting 
technique was less (2.14µm and 2.63µm, respectively) than with the carbide bur 
technique (3.54µm and 3.81µm, respectively), based on data recorded using three-
dimensional surface profilometer and SEM. However, Kim et al. (2007) found that there 
were no significant differences in the overall average roughness arising with 
sandblasting and carbide bur technique based on profilometer data. This might be due 
to the differences in the type of adhesive material, the remnant removal procedures, 
and the forces used for debonding the bracket in each study. Consequently, further 
standardisation of debonding procedure is required to achieve reliable results with 
respect to the amount of remnants for each composite resin. 
 
Interestingly, air-abrasion is typically used without the need for local anaesthesia and 
does not involve any noise or vibrations, which can be disconcerting for children and 
anxious patients. Rafique et al. (2003) reported on their clinical trial with 22 patients 
that 75% participants were happy with Carisolv™ gel and all aspects of the air-abrasion 
technique including dust, pain/discomfort and vibrations produced, compared with local 
anaesthesia and conventional rotary methods. Also, 91% of participants expressed 
some level of anxiety with conventional rotary methods. In addition, air-abrasion can be 
applied to more than one tooth during a single visit and this could save serviceable time 
in the dental clinic (Sambashiva et al., 2011; Arora et al., 2012). Moreover, in an in vitro 
study, Cook et al. (2001) referred to Black’s (1950) study, which demonstrated that low 
(around 2°C) temperature changes occurred while using air-abrasion. Lloyd et al. 
(1976) reported that very high (around 300°C-400°C) temperature changes occurred 
with conventional drilling, thus posing a risk of damage to the surrounding tissues. 
These findings are consistent with a recent in vitro study (Kim et al. 2007), who used 20 
extracted human premolar teeth. They bonded composite resin to the buccal surfaces 
dividing the teeth into two groups, one for removal of resin with sandblasting and low 




respectively. The pulpal temperature was more elevated with tungsten carbide burs 
compared with sandblasting.  
 
 Limitations of air-abrasion 
Air-abrasion cannot be used to prepare the tooth prior to placement of metallic 
restorations or for their removal (OSHA regulation, 2007; Hedge and Khatavkar, 2010). 
There is loss of tactile sensation in comparison to a conventional rotary bur. This may 
be problematic, risking either over-preparation of the cavity or insufficient caries 
removal (Sambashiva et al., 2011; Arora et al., 2012).  
 
Cook et al. (2001), in an in vitro study using real-time confocal imaging reported that 
air-abrasion with aluminium oxide (27µm) cut the deeper sound dentine layer faster 
than the carious dentine. However, Motisuki et al., (2006) who used three different 
aluminium oxide particle sizes (27, 50 and 125µm) demonstrated that 27µm and 50µm 
particle sizes removed less sound dentine than the 125µm particles. This finding was 
confirmed by another in vitro study (Horiguchi et al. 1998) where increasing the particle 
size of aluminium oxide produced an increase in the cutting rates. These variations 
may be attributed to the differences in the operating distance and air pressure used, 
which influence the kinetic energy of the particles. The use of a different model of 
artificial caries might also affect the cutting rate.  
 
Furthermore, air-abrasion cannot remove soft carious dentine, in spite of its efficiency 
in cutting hard tissues with aluminium oxide and glass powder (45S5) removing more 
intact dentine than carious model dentine (Horiguchi et al., 1998). These results were 
confirmed by Paolinelis et al. (2008), who demonstrated in an in vitro study that 
Bioglass, 45S5 removed healthy dentine at a higher rate than carious dentine. This 
cutting inefficiency might be due to loss of kinetic energy of the abrasive particles 
during their penetration into the carious surface because of the cushing effect between 
the particles and carious surface. 
 
Air-abrasion method using bioactive glass 45S5 shows promise for removing residual 




some of its properties need to be improved by designing a bioactive glass with 
hardness lower than that of enamel but harder than that of orthodontic adhesives. 
Consequently, this novel glass material would selectively remove residual adhesives 
without damaging the enamel surface. Moreover, it might have the potential to promote 
WSL remineralisation without inducing enamel roughness. These two areas will be 







3. A SYSTEMATIC REVIEW OF THE EFFECT OF BIOACTIVE GLASSES ON 
ENAMEL REMINERALISATION (See Appendix 1) 
3.1. Objectives 
The purpose of this systematic review is to evaluate the effectiveness of bioactive 
glasses in promoting enamel remineralisation based on in vivo and in vitro research. 
  
3.2. Materials and methods 
 Search strategy for identification of studies 
This systematic review was conducted in accordance with the PRISMA guidelines 
(Moher et al., 2009) based on a pre-defined, unpublished protocol. The research 
question was: How effective are bioactive glasses in inducing enamel remineralisation 
in comparison to placebo or other topical treatments. The following selection criteria 
were applied: 
 
Participants: Prospective clinical studies including randomised and non-randomised 
designs. In vitro studies involving assessment of enamel demineralisation utilising 
human teeth were also to be included.  
 
Interventions: Use of bioactive glasses in any formulation. 
 
Comparators: Untreated control or alternative intervention to address enamel 
demineralisation including fluoride and casein phosphopeptide-amorphous calcium 
phosphate (CPP-ACP). 
 
Outcomes: Clinical and in vitro measures of enamel remineralisation. 
 
A comprehensive literature search was performed without language or date restrictions. 
The following databases were screened: PubMed/Medline (PubMed, www.ncbi.nlm. 
nih.gov), EMBASE via OVID, the Cochrane Oral Health Group's Trials Register 
(February, 2017), the Cochrane Central Register of Controlled Trials (CENTRAL The 





the Caribbean (LILACS, February 2017). Unpublished literatures were searched using 
ClinicalTrials.gov (www.clinicaltrials.gov) and the National Research Register 
(www.controlled- trials.com) using the terms ‘dental’ and ‘dentistry’. After identifying the 
potential eligible studies in the above databases, these studies were imported into 
Endnote X7 software (Thompson Reuters, Philadelphia, PA, USA) to remove 
duplicates. In addition, the reference lists of included studies were assessed to identify 
further potentially eligible studies.  
 
  Study selection  
The titles and abstracts of all articles identified by the electronic search were read and 
assessed by two authors (AT, PSF). The full text article was retrieved if the title and 
abstract were deemed ambiguous or when no abstract was available. All studies, which 
unrelated to bioactive glasses or enamel remineralisation, were excluded initially on the 
basis of the titles and abstracts of these studies.  
 
  Data extraction 
One author (AT) extracted the data using a pre-piloted data collection form, and a 
second author (PSF) verified data extraction independently for completeness and 
accuracy. Data obtained included number of teeth used, tooth type, demineralisation 
protocol, remineralisation procedures and control conditions; and approach to outcome 
analysis. Any potential conflict was resolved by joint discussion between the two 
authors. 
 
  Study quality assessment 
The methodological quality of each included study was assessed independently by two 
authors (AT, PSF). If randomised studies were identified, the risk of bias was to be 
assessed using the Cochrane risk of bias tool with ROBINS-I used for non-randomised 
interventional designs. The methodological quality of the in vitro studies was to be 
evaluated using an accepted quality assessment tool for dental in vitro studies (Sarkis-
Onofre et al., 2014; da Rosa et al., 2015). Specifically, studies were evaluated 





the examiner, statistical analysis, the presence of a control group, sample preparation, 
outcome measures used and sample size calculation. Where the parameter was 
reported clearly the domain was scored as ‘‘Yes’’. If it was not possible to find the 
information, it was graded as ‘‘No’’. Studies that reported one to three items were 
classified as having a low methodological quality, four or five items as medium 
methodological quality and six to eight items as having high methodological quality.  
 
Meta-analysis was to be considered if sufficient studies of high or moderate 
methodological quality with clinical homogeneity existed. Statistical heterogeneity was 
to be assessed using a chi-squared test and quantified on the basis of an I-squared 
statistic. The existence of publication bias was to be assessed if sufficient (>10) clinical 
studies were included within a meta-analysis. 
 
3.3.  Results 
  Study selection and characteristics  
A total of 116 potentially relevant records were identified from the database search 
(Figure 3.1). After the removal of duplicates, 86 records were examined; 72 studies 
were excluded because they did not meet the eligibility criteria and 14 full-texts were 
assessed. Of the 14 studies retained for detailed full-text review, 3 were excluded- one 
review article and two in vitro studies involved bovine tooth samples. A total of 11 
studies were included in this review. No clinical studies were identified; therefore, all 
included studies were laboratory-based. The characteristics of the included studies are 
summarised in Table 3.1. 
 
 Study quality assessment 
Of the 11 in vitro studies included, four were deemed to have high and seven medium 
methodological qualities (Table 3.2). In particular, blinding of the examiner was rarely 
reported potentially introducing a level of bias within these. In view of the lack of 





























Bakry et al. 
(2014a) 
100 Third molars Flat enamel discs Orange juice (pH 3.85) 
for 1 hour at 20ºC  
- Fluoride gel (20mg/g, 
9000ppmF, Brand Medico 
DentalTM) applied for 5 
minutes then washed with 
deionised water.  
- Fluoride gel (20mg/g, 
9000ppmF, Brand Medico 
DentalTM) applied for 24 
hours then left without 
washing.  
- Bioactive glass 
(NovaminTM)- phosphoric 
acid gel. 
- Control (untreated).  
Immersed in 
remineralisation solution 
(1.5mM CaCl2, 0.9mM 
NaH2PO4, 0.13M KCl, 5 
mM NaN3; pH 7 using 
HEPES buffer) for 24 
hours 
Vickers hardness 
number (VHN), SEM 
images, EDX elemental 
composition  
Bakry et al. 
(2014b) 
60 Third molars Flat enamel blocks 2.2mM/L CaCl2, 
2.2mM/L NaH2PO4, 
50mM/L acetic acid, pH 
4.5) for 4 days 
- Bioglass (NovaminTM) -
phosphoric acid gel with no 
brushing-abrasion 
- Brushing-abrasion after 
immersion in remineralising 
solution for 24 hours with 
no gel 
- Both bioglass 
(NovaminTM)-phosphoric-
acid gel + brushing-
abrasion after immersion in 
remineralising solution for 
24 hours. 




(1.0mM CaCl2, 3.0mM 
KH2PO4, 100mM 
acetate, 100mM NaCl, 
0.02%, NaN3; pH 6.3) 
for 24 hours, 7 days and 
14 days 
  



























Molars Enamel tooth surface  6% hydroxyl-ethyl 
cellulose, 0.1mol/L lactic 
acid, and  1.0mol/L 
NaOH (pH 4.5) for 24 
hours 
- Mirasensitive hap+ tooth 
paste (containing 
hydroxyapatite) applied for 
1 minute and then cleaned 
with a toothbrush for 5 
minutes under copious 
water spray. 
- Mirawhite® tc toothpaste 
(containing bioglass 45S5) 
applied for 1 minute and 
then cleaned with a tooth 
brush for 5 minutes under 
copious water spray. 
- Sensodyne® toothpaste 
applied for 1 minute and 
then cleaned with a 
toothbrush for 5 minutes 
under copious water spray. 
  
- SEM images, EDX 
elemental composition,  
3D Stereo-Photograph 
images 
Kohda et al. 
(2015) 
120  Premolars Enamel tooth surface 









amounts (0–50%) of 
bioactive glass. 
2 ml of demineralising 
solution (2mM calcium 
chloride and 2mM 
sodium dihydrogen 
phosphate, with 50mM 
acetic acid added to pH 
4.55) for 4 hours at 37°C 
followed by 
remineralisation. This 
cycle was repeated daily 
for 14 days. 
2ml of remineralising 
solution (2mM CaCl2 and 
2mM NaH2PO4 with 0.1M 
of NaOH added to pH 6.8) 
for 20 hours at 37°C 






















Manfred et al. 
(2013)  
50 Third molars Enamel surface with 
brackets bonded with 
orthodontic adhesive 
pH cycling protocol for 
14 days: 40mL of 
artificial saliva at pH 7.0 
[1.5 mmol/L Ca, 0.9 
mmol/L PO4, 0.1 5 mol/L 
KCl, and 20 mmol/L 
cacodylate buffer) for 18 
hours, followed by 6 
hours in 40mL of 
buffered artificial caries 
challenge solution at pH 
4.4 (2.0 mmol/L Ca, 2.0 
mmol/L PO4, 0.075 mol/L 
acetate]. The cycle was 
repeated 5 days a week, 
with teeth remaining in 





Bond) and Transbond-XT 
used to bond orthodontic 
brackets 
- Knoop hardness 
number (KNH) 
Mehta  et al. 
(2014)  
30 Premolars Flat enamel surface 2.2mM calcium chloride, 
2.2mM sodium 
phosphate and 0.05M 
acetic acid; pH adjusted 
with 1M potassium 
hydroxide to 4.4. 
Demineralisation was 
performed twice for 3 
hours of a day with 2-
hour immersion in a 
remineralising solution in 
between. 
- BAG containing dentifrice 
(SHY-NM; Group 
Pharmaceuticals;  India) 
- CPP-ACP(GC tooth 
mousse Recaldent; 
GCcorp; Japan) containing 
dentifrice 






















Milly et al. (2014)  52 Molars Flat enamel slabs 8% methylcellulose gel 
buffered with a lactic 
acid layer (0.1 mol/L, pH 
4.6) for 14 days at 37°C 
-Bioactive glass (SylcTM) 
slurry prepared with 
deionised water 
(L/P ratio of 1 g/m) for 7 
days at 37°C. 
-Polyacrylic acid-modified 
bioactive glass paste 
prepared with deionised for 
7 days at 37°C. 
water (L/P ratio of 1 g/m) 
- Remineralisation solution 
20 mM Hepes, 130mMKCl, 
1.5mM CaCl2 and 
0.9mM KH2PO4 (adjusted 
to pH 7.0 with KOH). 
- Deionised water.  




scale images,  surface 
roughness using non-
contact profilometer 
Milly et al. (2015)  90 Molars Flat enamel slabs  8% methylcellulose gel 
buffered with a lactic 
acid layer (0.1 mol/L, pH 
4.6) for 14 days at 37°C, 




(45S5) powder using air-
abrasion for 10 seconds  
- Bioactive glass (45S5) 
slurry prepared with de-
ionised water 
(L/P ratio of 1 g/m) twice 
daily for 5 minutes for 21 
days at 37°C. 
-Polyacrylic acid-modified 
bioactive glass (BAG-PAA) 
paste prepared with 
deionised applied twice 
daily for 5 minutes for 21 
days at 37°C. 
 








scale images, SEM 



















Narayana et al. 
(2014)  
20 Molars Enamel tooth surface - pH cycling for 7 days 




NaH2 PO4 2H2O, 
0.075mM acetate buffer 
for 5 days, followed by 
0.02ppm F (pH 4.7) for 
6hours and in 
remineralised solution 
(1.5mM Ca(NO3)2 4H2O, 
0.9mM NaH2PO4 2H2O, 
150mM KCl, 0.1 mol/l 
Tris buffer, 0.03 ppm F 
pH 7] for 18 hours. 
Samples were 
maintained only in the 
remineralised solution for 
the last 2 days. 
- Bioactive glass 
(NovaminTM) for 10 minutes 
- Fluoride toothpaste 
(Amflor) for 10 minutes 
- CPP-ACP (Tooth 
mousse) for 10 minutes 
- CPP-ACPF (Tooth 
mousse plus) for 10 
minutes 
- Control (untreated) 
Artificial saliva at 37°C 
for 10 days  




20 Premolars Enamel tooth surface 37% phosphoric acid for 
20 minutes 
- ACP-CPP (GC Tooth 
Mousse, Recaldent; GC 
Corp.; Japan) for 3 minutes 
- BAG (Novamin, 
Sensodyne Repair and 
Protect; GlaxoSmithKline; 
UK) for 1 minute 
- 37% phosphoric acid; 
Ivoclar Vivadent,  
- Natural saliva,  
- Deionised water. 
 
Artificial saliva for 10 





















Pulido et al. 
(2012)  
10 Molars Enamel tooth surface 8% methylcellulose 
aqueous solution 
(1500cP, 63 kDa) with 
an equal volume of 0.1 
mol/L of lactic acid, with 
an adjusted pH with 
KOH at 4.6 a 37°C for a 
5-day period 
- Bioactive glass (VBio): 
Biogran® (Biomet 3iTM) at a 
5 weight% concentration 
twice daily 2 for 15 days 
- Stannous fluoride Gel 
Kam (Colgate Palmolive®) 
0.4% twice daily for 15 
days 














































Bakry et al. 
(2014a)  
Yes Yes Yes No Yes Yes Yes Yes High 
Bakry et al. 
(2014b)  
Yes Yes Yes No Yes Yes Yes Yes High 
Gjorgievska et 
al. (2013)  
Yes Yes No No Yes Yes Yes No Medium 
Kohda et 
al.(2015)  
No Yes Yes No Yes Yes Yes Yes Medium 
Manfred et al. 
(2013)  
No Yes No No Yes Yes Yes Yes Medium 
Mehta  et al. 
(2014)  
Yes Yes No No Yes Yes Yes Yes Medium 
Milly et al.(2014)  Yes Yes Yes No Yes Yes Yes Yes High 
Milly et al. (2015)  Yes Yes Yes No Yes Yes Yes Yes High 
Narayana et al. 
(2014) 
No Yes Yes No Yes Yes Yes Yes Medium 
Palaniswamy et 
al. (2016)  
No Yes Yes No Yes Yes Yes Yes Medium 
Pulido et al. 
(2012)  





 Results of individual studies  
Considerable methodological variation existed in the included studies with different 
demineralisation protocols followed including use of orange juice (Bakry et al., 2014a), 
phosphoric acid (Palaniswamy et al., 2016), acetic acid (Bakry et al., 2014b; Mehta et 
al., 2014; Koda et al., 2015), methylcellulose gel (Pulido et al., 2012; Milly et al., 2014b; 
Milly et al., 2015), and hydroxyethyl cellulose gel protocols (Gjorgievska et al., 2013; 
Manfred et al., 2013; Narayana et al., 2014;). In addition, various types of bioactive 
glass were used e.g. NovaminTM and SylcTM using different modes of application such as 
pastes, gels, slurries, and orthodontic adhesives. Bioactive glass as a gel mixed with 
phosphoric acid was used in 2 studies (Bakry et al., 2014a ; Bakry et al., 2014b), while 
bioactive glass-impregnated toothpaste was used in 6 studies: Mirawhite® TC toothpaste 
(Gjorgievska et al., 2013), SHY-NM d (Mehta et al., 2014),  Polyacrylic acid-modified 
bioactive glass paste (Milly et al., 2014b), or  the latter after enamel pre-conditioning with 
air-abrasion (Milly et al., 2015), NovaminTM toothpaste (Narayana et al., 2014),  
NovaminTM, Sensodyne Repair and Protect (Palaniswamy et al., 2016),  VBio (Biomet 
3iTM) (Pulido et al., 2012). The glass was used as a slurry after enamel pre-conditioning 
with air-abrasion in one in vitro study (Milly et al., 2015), and incorporated within 
orthodontic adhesives in two studies (Manfred et al., 2013; Koda et al., 2015).  
 
Furthermore, bioactive glasses were applied for very variable lengths of time and held in 
different solutions to induce its potential remineralisation within these experimental 
models. Two studies involved topical application of bioactive glass (NovaminTM)-
phosphoric acid gel on enamel discs/blocks for 24 hours (Bakry et al., 2014a; Bakry et 
al., 2014b). These discs were immersed in remineralising solution during the application 
time, while NovaminTM tooth paste was applied to the enamel surface for 10 minutes 
followed by immersion in artificial saliva for 10 days in one study (Narayana et al., 
2014). Immersion in artificial saliva was also performed for 10 days followed by 5 more 
days in another study after application of NovaminTM, Sensodyne Repair and Protect 
toothpaste on the enamel for just 1 minute (Palaniswamy et al., 2016). However, the 
other included studies did not use any storage solution (Pulido et al., 2012; Gjorgievska 
et al., 2013; Manfred et al., 2013; Mehta et al., 2014; Milly et al., 2014b; Koda et al., 





Different assessment techniques were also used. Scanning electron microscopy (SEM) 
was used to examine the morphological changes of the enamel surface by imaging 
(Pulido et al., 2012; Gjorgievska et al., 2013; Bakry et al., 2014a; Bakry et al., 2014b; 
Milly et al., 2014b; Narayana et al., 2014; Milly et al., 2015). Energy dispersive x-ray 
spectroscopy (EDX) was undertaken to obtain information on the elemental 
composition of the enamel in 4 studies (Pulido et al., 2012; Gjorgievska et al., 2013; 
Bakry et al., 2014a; Narayana et al., 2014; Milly et al., 2015). X-ray diffraction (XRD) 
was also used to detect the formation of apatite crystals (Bakry et al., 2014b). 3D 
stereo-photograph (anaglyphs) was used in a single study to evaluate topographical 
changes in detail. Hardness testing involving a Berkovich hardness tester to measure 
Berkovich hardness was used in a single study (Koda et al., 2015), while Knoop 
hardness was assessed more commonly (Manfred et al., 2013; Milly et al., 2014b; Milly 
et al., 2015) as was Vickers hardness (Bakry et al., 2014b; Mehta et al., 2014; 
Palaniswamy et al., 2016). Raman spectroscopy to evaluate phosphate peak intensity, 
coupled with non-contact profilometer to assess the enamel surface roughness and 
optical coherence tomography (OCT) to measure intensity of light backscattering from 
the enamel were undertaken in 2 studies (Milly et al., 2014b; Milly et al., 2015). 
 
The findings from these studies are summarised in Table 3.3. All studies demonstrated 
the potential efficacy of bioactive glasses in inducing enamel remineralisation, 
irrespective of the mode of delivery, when comparing with control conditions and other 
topical remineralising treatments. Specifically, improved mechanical properties 
(hardness) of the enamel (Manfred et al., 2013; Bakry et al., 2014a; Mehta et al., 2014; 
Milly et al., 2014b; Koda et al., 2015; Milly et al., 2015; Palaniswamy et al., 2016) and 
formation of mineral deposits acting as a protective layer on the enamel surface were 
repeatedly shown (Pulido et al., 2012; Gjorgievska et al., 2013; Bakry et al., 2014a ; 
Bakry et al., 2014b; Milly et al., 2014b; Narayana et al., 2014; Milly et al., 2015). This 
protective layer was rich in calcium and phosphate content (Pulido et al., 2012; 
Gjorgievska et al., 2013; Bakry et al., 2014a; Narayana et al., 2014; Milly et al., 2015), 
and was shown to have the same crystalline pattern as the natural enamel 
hydroxyapatites (Bakry et al., 2014b). Furthermore, the phosphate content of the newly-
formed protective layer was high compared to the demineralised enamel (Milly et al., 
2014b; Milly et al., 2015). Reduction in the intensity of the light backscattering from the 





(Milly et al., 2014b; Milly et al., 2015). However, one study reported an increase in the 
enamel surface roughness after use of a bioactive glass. This involved treatment of the 
demineralised enamel with a dual approach, which included the propulsion of a mixed 
powder comprising of polyacrylic acid and bioactive glass (SylcTM) via air-abrasion 





















Table 3.3. Summary of results from the included studies 
Study Summary of results 
Bakry et al. (2014a)  Bioactive glass application significantly improved the enamel lesions when compared to fluoride gel and control samples. This 
was observed by the formation of a mineral layer on the enamel, rich with calcium, phosphate, and silica, associated with an 
increase in its enamel hardness.   
Bakry et al. (2014b)  The applied bioactive glass gel was able to form a brushite layer within 24 hours. This layer showed resistance to abrasion 
and transformed to hydroxyapatite crystals after 14 days of storage 
Gjorgievska et al. (2013)  The bioactive glass–containing toothpaste was highly efficient in promoting enamel remineralisation by formation of deposits 
and a protective layer on the demineralised surface in comparison with other approaches   
Kohda et al. (2015) Bioactive glass containing 4META/MMA-TBB-based resin showed potential enamel remineralisation inferred from improved 
mechanical properties (hardness) of the enamel surface surrounding brackets.  
Manfred et al. (2013) All tested bioactive glass-containing orthodontic adhesives outperformed the traditional adhesive Transbond XT by maintaining 
enamel hardness surrounding the brackets   
Mehta et al. (2014)  Bioactive glass-containing dentifrice was more effective in remineralising enamel lesions relative to CPP-ACP based on 
enamel hardness.  
Milly et al. (2014b)  Both bioactive glass slurry and polyacrylic acid-modified bioactive glass paste enhanced enamel remineralisation, based on 
hardness results, with higher phosphate content and mineral deposits within the artificial lesions.       
Milly et al. (2015)  Pre-conditioning of the lesion surface using BAG-PAA air abrasion enhanced the remineralising potential of slurry and paste, 
manifesting as increased enamel mineral content and improved mechanical (hardness) properties. However, this was 
associated with increased enamel surface roughness.  
Narayana et al. (2014)  Bioactive glass was considered as an effective remineralising agent. 
Palaniswamy et al. (2016)  Bioactive glass toothpaste showed better results than CPP-ACP based on enamel hardness results. 







The aim of the current systematic review was to investigate the effect of bioactive 
glasses on enamel remineralisation. Only eleven studies satisfied the inclusion criteria. 
In particular, it was disappointing that clinical studies evaluating the relative benefits of 
these approaches were unavailable. Consequently, only in vitro studies were identified 
highlighting the need for further research and moderating the level of evidence 
obtained. Notwithstanding this, a plethora of the techniques to assess enamel changes 
are impossible to undertake clinically and therefore rely on an ex vivo setting. As such, 
while further clinical research is undoubtedly required, the findings from the individual 
studies indicate that these materials have promise in inducing enamel remineralisation. 
 
Within the identified studies bioactive glasses, regardless of formulation or mode of 
application technique, were found to be more effective in enamel remineralisation 
compared to other topical agents such as fluoride and CPP-ACP. This finding was 
based on a battery of tests including enamel hardness measurements using different 
hardness testing machines such as Vickers hardness tester, Knoop hardness tester, 
and Berkovich hardness tester. In addition, routine formation of a protective layer rich in 
calcium and phosphate content was detected by EDX elemental analysis (Pulido et al., 
2012; Gjorgievska et al., 2013; Bakry et al., 2014a; Narayana et al., 2014; Milly et al., 
2015), XRD analysis (Bakry et al., 2014b) and Raman-spectroscopy (Milly et al., 2014b; 
Milly et al., 2015). The consistency of these overall findings lends further evidence to 
the potential benefit of these approaches. 
 
A reduction in the intensity of the light backscattering from the enamel surface was 
observed with OCT relative to the demineralised surfaces following use of bioactive 
glasses (Milly et al., 2014b; Milly et al., 2015). This observation hinges on the inverse 
relationship between the intensity value of light backscattering and the mineral content 
within the enamel surface (Jones et al., 2006; Hariri et al., 2012; Kang et al., 2012). 
Typically, beneficial changes of this nature were not associated with enamel damage. 
Notwithstanding this, in one study, increased enamel surface roughness was observed. 
However, the treatment protocol incorporated both propulsion of a mixed powder 
supplemented with polyacrylic acid and subsequent application of a slurry and paste 





experimental glass than that of sound enamel (~3.5GPa) (O’Donnell, 2011) with 
reported values varying between 4.5GPa (Cook et al., 2008) and 5.75GPa (Lopez-
Esteban et al., 2003). Formulations with lower hardness levels have since been 
developed; these are likely to be more compatible with enamel integrity. 
 
In view of the inclusion of in vitro studies, it is important to highlight that the 
demineralisation evaluated was invariably artificially-induced with a range of different 
demineralisation protocols used. It is unclear how well this approach mimics the in vivo 
situation. In addition, bioactive glass, which is made up of amorphous sodium-calcium-
phosphosilicate, is a highly reactive material in an aqueous environment such as saliva 
in the oral cavity. In saliva, sodium ions from the bioactive glass particles readily react 
with hydrogen cations (in the form of H3O+) from saliva inducing the release of calcium 
and phosphate (PO4−) ions from the glass. A localised, transient increase in pH occurs 
during the initial exposure of the material to saliva due to the release of sodium. This 
increase in pH helps to precipitate the extra calcium and phosphate ions provided by 
the bioactive glass material to form a calcium phosphate layer. As these reactions 
continue, this layer crystallises into hydroxyapatites (Hench, 2006; Jones and Clare, 
2012). This means that the composition of the remineralising solution used in in vitro 
studies might affect the bioactivity (the remineralisation potential) of the bioactive glass. 
As such, salivary substitutes were used in the identified studies in an effort to mimic this 
effect in vitro. Nevertheless, the longer-term effects of bioactive glasses and indeed 
other demineralisation agents are difficult to assess in the in vitro situation. This is an 
important shortcoming of the in vitro studies identified, particularly as demineralisation 
and white spot lesions, in particular, commonly arise during orthodontic treatment- a 
process known to take close to 2 years on average (Tsichlaki et al., 2016). However, 
the clinical relevance of the ex vivo data was enhanced by restricting the review to 
analysis of human teeth only. In particular, studies using bovine teeth were excluded 
due to the structural difference between human and bovine teeth, such as thicker 
crystallites, lower fluoride concentration and increased porosities of enamel in bovine 
teeth. Moreover, the latter are not subjected to the same genetics, as well as 
environmental and dietary factors as human material and, as such, will behave in a 
different physical and chemical manner (Mellberg, 1992; Laurance-Young et al., 2011). 
Notwithstanding, bovine enamel does provide a more similar substrate to human 





In common with many systematic reviews within dentistry, the present review was 
hampered by a lack of clinical research studies. Moreover, it was not possible to 
include any prospective clinical studies. Clearly, further research investigating whether 
the promise of bioactive glasses highlighted in numerous in vitro studies would be 
reproduced clinically is warranted. It is important that subsequent well-designed 
parallel-design randomised controlled trials investigate the relative merits of bioactive 
glasses in various formulations in relation to existing gold standards including both 
fluoride and CPP-ACP.  
 
3.5. Conclusion 
Based on in vitro findings in isolation, bioactive glasses appeared capable of enhancing 
enamel remineralisation more effectively than other topical remineralising materials 
including fluoride, and CPP-ACP. However, clinical research to investigate their 
effectiveness is now overdue.  




4. AIMS AND OBJECTIVES 
4.1. Aims 
To design a novel fluoride-containing bioactive glass powder propelled via an air-
abrasion hand-piece with: 
i) hardness lower than that of enamel but higher than orthodontic adhesives to 
safely and effectively remove the adhesive without inducing damage to the 
enamel surface. 
 
ii) the ability to form fluorapatite instead of hydroxyapatite in order to 
remineralise artificially-induced white spot lesions leaving the enamel 
surface more resistant to demineralisation. 
 
4.2. Objectives 
• Prepare 45S5 glass as a laboratory analogue to the commercially-available glass 
(SylcTM) using the melt quench route. 
 
• Prepare and characterise a series of novel glasses with i) molar compositions 
similar to 45S5/SylcTM but with constant addition of fluoride, reduced silica, 
increased sodium and phosphate contents, and ii) lower hardness values in order to 
have i) enhanced solubility/apatite formation capabilities to facilitate 
remineralisation, and ii) equivalent adhesive removal characteristics inducing less 
damage to underlying enamel, to alternative glasses or other methods used in 
contemporary dental practice. 
 
• Measure the glass transition temperature (Tg) of SylcTM, 45S5 and experimental 
glasses using Differential Scanning Calorimetry (DSC) in order to subsequently 
facilitate glass casting by preheating the furnace at the determined Tg for each 
glass. 
 




• Measure the hardness of 45S5, SylcTM and experimental glass castings using 
Vickers Hardness testing to select a glass with hardness lower than that of enamel 
in order to remove the adhesive safely without inducing enamel damage.  
 
• Analyse the particle size distribution within two batches (<38µm and 38-90µm) for 
all glasses (45S5, SylcTM and experimental glasses) using the Particle Size 
Distribution Analyser, to manage the production of glass particles with correct size 
distributions for use in air-abrasion experiments. 
 
• Observe the particle shape of each glass within the 38-90µm batch using Scanning 
Electron Microscopy (SEM) to ensure the production of glass particles with correct 
morphology for use in air-abrasion experiments aiding in adhesive removal. 
 
• Calculate the time required to cut a hole within prepared orthodontic adhesive 
(Transbond XTTM) discs utilising the Velopex Aquacut QuattroTM air-abrasion 
machine to propel two glasses (the most promising novel experimental glass and 
the commercially-available SylcTM glass) in order to evaluate their cutting efficiency 
against each other at various air pressures, powder flow rates and nozzle-tip 
angles.  
 
• Calculate the amount of the glass propelled per minute with the preferred novel 
experimental glass and SylcTM using two air-abrasion systems (Velopex Aquacut 
QuattroTM air-abrasion machine and BA UltimateTM air polisher) in order to detect 
any difference in the glass powder flow rate between these two air-abrasion 
systems. 
 
• Compare between three post clean-up methods (tungsten-carbide bur with low 
speed hand-piece, SylcTM-air-abrasion and the novel experimental glass-air-
abrasion) in the removal of two orthodontic adhesives (Transbond XTTM and Fuji 
Ortho LCTM) in respect of the enamel surface roughness structural changes 
assessed using non-contact profilometer and SEM, in addition to the time required 
to remove remnants adhesives.  
 




• Measure the hardness of prepared discs from two orthodontic adhesives 
(Transbond XTTM and Fuji Ortho LCTM) using Vickers Hardness testing machine in 
order to ensure that the selected novel glass has hardness higher than orthodontic 
adhesives for facilitating complete adhesive removal.   
 
• Immerse all glasses (45S5, SylcTM and experimental glasses) in different solutions 
with pH levels ranging from 5 to 9 in order to observe the dissolution behaviour and 
the bioactivity of all glasses (their capability to form apatite) utilising Attenuated 
Total Reflectance-Fourier Transform Infrared Spectrometry (ATR-FTIR), X-Ray 
Diffraction (XRD) and pH meter. 
 
• Confirm the presence of fluorapatite following the interaction between the glass and 
the immersion solution using Magic Angle Spinning Nuclear Magnetic Resonance 
(MAS-NMR) spectroscopy. 
 
• Artificially induce WSLs on extracted human teeth to assess the capability of the 
most promising experimental glass and commercially-available SylcTM in 
remineralising these lesions following glass propulsion via the air-abrasion 
technique. This potential remineralisation would be assessed in respect of: enamel 
surface roughness using non-contact profilometer, enamel optical changes using 
Optical Coherence Tomography (OCT), structural changes of the enamel (SEM and 
Energy Dispersive Spectroscopy) and hardness (Knoop hardness testing machine). 




5. MATERIALS AND METHODS 
5.1. Overview of the experiments performed  
A summary of all experiments undertaken within this research project is given below 
(Figure 5.1). These experiments were divided into five main parts: i) glass 
development and characterisation, ii) air-abrasion studies, iii) in vitro studies 
performed with the selected novel glass, iv) Assessment techniques used in in vitro 















5.2. Glass development  
5.2.1. Glass design  
A bioactive glass (45S5) mirroring the formula of commercially-available 45S5 
(SylcTM; Denfotex Research Ltd., London, UK) was prepared by the melt quench 
route (Table 5.1). Thereafter, a series of novel experimental glasses incorporating 
SiO2−P2O5−CaO−Na2O−CaF2 was prepared with constant network connectivity 
(NC~2). Na2O and CaO were obtained from Na2CO3 and CaCO3, respectively. The 
compositions of these experimental glasses were based on the molar composition 
of the laboratory-prepared 45S5 glass mirroring the commercial one (SylcTM). As 
such, the laboratory-prepared 45S5 glass was used as a reference in this research. 
Both the mole percentage (mol%) and the mass (in grams) of laboratory-prepared 
45S5 and experimental glasses are shown in Table 5.1 and Table 5.2, respectively. 
The batch mass was calculated for each glass using equation 1: 
 
Batch mass (z) = (mol% (z) x molecular weight (z) x 200)/ Total molecular weight of 
all chemical components of a glass……..1 
  
Where z refers to each chemical component (e.g. SiO2, P2O5, CaO, Na2O, CaF2) 
incorporated within each glass.   
 
Three design strategies were used to develop a novel glass with improved 
properties in comparison to those of SylcTM glass, in order to satisfy the aims of this 
research. These strategies were derived from the studies of O’Donnell et al. (2009), 
Brauer et al. (2010), Mneimne et al. (2011), and Farooq et al. (2013). They included: 
 
i) Increasing the sodium oxide (Na2O) content for the experimental glasses 
within a range from 20mol% to 40mol% instead of 24.4mol% in 45S5 glass. 
Therefore, 5mol% of Na2O was added for every 5%mol of CaO removed, to 
maintain the same value of network connectivity. This strategy would 
produce a more disrupted glass network, which requires a lower glass 
transition temperature (Tg) to form a less rigid glass (of lower hardness) 
compared to 45S5 and SylcTM, since it was reported that increasing the 
sodium content in a series of glasses, with a constant network connectivity 
value close to two, resulted in a linear decrease in the transition temperature 
(Wallace et al., 1999). In addition, a strong correlation between Tg and 




hardness of bioactive glasses has been observed (Farooq et al., 2013). This 
means that decreasing the Tg of a glass leads to a decrease in its hardness 
and vice versa.  
 
ii) Increasing the phosphate content in the form of phosphorus pentoxide 
(P2O5) from 2.6mol% in 45S5 to 6.1mol% in the experimental glasses. This 
was also accompanied by a decrease in silica (SiO2) content from 46.1mol% 
in 45S5 to 37mol% for all experimental glasses. This strategy has been used 
in two studies showing a decrease in the Tgs of bioactive glasses (O'Donnell 
et al., 2008b), and a decrease in their hardness (Farooq et al., 2013). In 
addition, an increase in the ability of glass to form apatite was observed 
when the phosphate content was only increased to approximately 6mol%, 
combined with a decrease in the silica content at a constant network 
connectivity (NC~2) (O’Donnell et al., 2009; Mneimne et al., 2011). A further 
increase in phosphate content inhibited apatite formation as the glass 
crystallised resulting in retardation of glass dissolution and apatite formation 
(O'Donnell et al., 2008a). 
 
iii) Adding a constant ratio of calcium fluoride (3mol% CaF2) following the same 
strategy used by Farooq et al. (2013) to enhance fluorapatite formation and 
prevent fluorite development that affects glass dissolution and subsequently 
apatite formation (Lusvardi et al., 2009; Brauer et al., 2010; Mneimne et al., 
2011). In addition, it has been shown that the Tg significantly reduced when 
fluoride is incorporated in the glass network structure (Hill et al., 1999; 
Brauer et al., 2009) resulting in a decrease in the hardness of bioactive 
glasses (Farooq et al., 2013). 
 
5.2.2. Glass frit synthesis 
Five novel experimental glasses were synthesised using a melt quench route. Each 
glass (batch size 200g) was prepared by melting SiO2 (analytical grade; Prince 
Minerals Ltd, Stoke-on-Trent, UK), Na2CO3, CaCO3, P2O5, and CaF2 (Sigma-Aldrich, 
Gillingham, UK) in a platinum-rhodium crucible, in an electric furnace (EHF 17/3, 
Lenton, UK) for 60 minutes between 1400°C to 1450°C based on the glass 
composition. A platinum/rhodium crucible was used because it is made from inert 
materials, thus avoiding its interaction with the final glass product, and it is capable 




of withstanding the high furnace temperatures. The resulting molten glass was 
rapidly quenched in deionised water (DW) to obtain glass frits (~100g), which were 
collected into a sieve and kept in a vacuum oven (Harvard LTE, UK) to dry at 80°C 
overnight. 
 




SiO2 Na2CO3 CaCO3 P2O5 CaF2 
 45S5 46.1 24.4 26.9 2.6 _ 
QMAT1 37 20 33.9 6.1 3 
QMAT2 37 25 28.9 6.1 3 
QMAT3 37 30 23.9 6.1 3 
QMAT4 37 35 18.9 6.1 3 
QMAT5 37 40 13.9 6.1 3 
 
 
Table 5.2. Mass of batch components for each glass (g) 
Bioactive glasses Mass (g) 
SiO2 Na2CO3 CaCO3 P2O5 CaF2 Total 
(g) 
 45S5 65.81 61.44 63.96 8.77 _ 200 
QMAT1 50.31 47.98 76.79 19.60 5.30 200 
QMAT2 50.14 59.77 65.24 19.53 5.28 200 
QMAT3 49.98 71.49 53.78 19.47 5.26 200 
QMAT4 49.81 83.13 42.38 19.41 5.24 200 
QMAT5 49.65 94.69 31.07 19.34 5.23 200 
 
 
5.2.3. Glass casting  
A glass rod (20mm in diameter) was prepared from each glass batch (45S5, SylcTM 
and all experimental glasses) by re-melting approximately 100g of glass frit, pouring 
into a graphite mould, and annealing for 1 hour in a preheated furnace at the Tg 




determined in section 5.3.2 to ensure slow cooling of the glass during casting. 
Thereafter, the casted glass was slowly cooled to room temperature overnight in the 
furnace, which was switched off. The rod from each glass batch was sectioned into 
approximately 1mm thick discs using a diamond cutting machine (Accutom-5, 
Struers A/S, Ballerup, Denmark). These discs were subsequently polished with 
silica carbide grit paper (P1000 in roughness) and wet with acetone (instead of 
water) to avoid reaction of the glass with water during polishing. 
 
5.2.4. Glass powder preparation 
After drying, 100 grams of each glass frit was ground using a vibratory mill (Gy-Ro 
mill, Glen Creston, London, UK) for one minute to form glass powder, which was 
then sieved using a vibrating machine (Retsch VS 1000; Figure 5.2) for 10 minutes 
at an amplitude of 60. The ground powder was vibrated between two stainless steel 
sieves of mesh sizes 38µm and 90µm, respectively (Endecotts, Ltd, London, UK). 
Four rubber balls of 1cm in diameter (Figure 5.3) were placed in each of the two 
sieves to discourage adherence of glass particles to one another and to encourage 
more particles to pass through the sieve. After sieving, the glass particles of size 
fractions between ~38µm and 90µm in the 38µm mesh sieve, and those of a size 
fraction <38µm in the base, were collected and stored in dry re-sealable plastic 
bags, which were kept in a dry desiccator at room temperature until further use.  
 











             
 Figure 5.3. Rubber balls used during sieving to refine glass particles 
    
38µm mesh sieve 
90µm mesh sieve 
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5.3. Glass characterisation studies 
The glass particles of <38µm in size were used for the subsequent glass 
characterisation studies. The rationale for the use of this glass particles size was to 
maximise efficiency, and to allow comparison with other published work. Moreover, 
propulsion of larger glass particles (38-90µm) onto the enamel surface would result 
in them fracturing into smaller particles, many <38µm in size.   
 
5.3.1. Characterising the amorphous nature of glasses 
a. Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy 
(ATR-FTIR) 
ATR-FTIR (Perkin-Elmer, Waltham, USA; Figure 5.4) was used, in the attenuation 
total reflection mode (described earlier in section 2.12.6), to identify the molecular 
components and structure for each glass by obtaining information on the vibrational 
absorbance of the Si-O bond. A preliminary background scan was performed before 
assessment of the glass powder samples to ensure the accuracy of the device. The 
data were collected from 1800-500cm-1 in absorbance mode and 10 scans were 
taken for each glass powder sample (45S5, SylcTM and all experimental glasses; 
approximately 5mg) to eliminate any noise. The ATR-FTIR spectra were taken prior 
to commencing biological dissolution studies (untreated glasses) and then after to 
monitor glass degradation and apatite formation.  
 





Figure 5.4. ATR-FTIR spectrometer 
 
 
b- X-ray diffraction (XRD) 
 
An X-ray diffractometer (XRD; X’Pert PRO MPD, PANalytical, Cambridge, UK; 
40kV/40mA, Cu Kα), which is a powerful and rapid analytical technique used in 
crystalline phase identification as well as confirming the amorphous nature of 
glasses produced. The data were collected at room temperature in the 2 Theta (2θ) 
range of 10° to 70° degrees, with a step size of 0.03° and a step time of 200 
seconds, for one sample of each glass powder ranging from 1 to 20mg with a 
particle size <38µm. These data were then correlated with the ATR-FTIR data to 
confirm the results obtained for each glass powder sample (45S5, SylcTM and all 
experimental glasses) before starting biological dissolution studies (untreated 
glasses) and then after. The 2 Theta and intensity (%) of the most characteristic 
reflections of the phases of interest for both hydroxyapatite and fluorapatite used in 
standard reference XRD (which is called JCPD file) for each apatite are presented 
in Tables 5.3 and 5.4, respectively. Two main peaks are observed for each apatite 
at approximately 25.8° and 31.8° 2 Theta. The stick patterns for both apatites are 
also given in Figures 5.5 and 5.6, respectively. 
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 Table 5.3. Most characteristic reflections of hydroxyapatite from its JCPD file 
 
Reference pattern: Hydroxyapatite, syn (NR), 04-0106315 



















Table 5.4. Most characteristic reflections of fluorapatite from its JCPD file 
 
Reference pattern: Fluorapatite, syn (NR), 00-060-0667 





























Figure 5.6. Stick pattern of fluorapatite 




5.3.2. Glass thermal analysis 
Differential Scanning Calorimetry (DSC) is a thermal analysis technique used for 
measuring the uptake of heat energy by a sample during controlled increase or 
decrease in temperature (Gill et al., 2010). It is used to determine the glass 
transition temperature (Tg) of bioactive glasses, which is the onset of change from a 
viscous liquid state to a glassy solid state. Each glass has its unique Tg, which is 
utilised in casting each glass for measuring its hardness. This temperature is 
represented in DSC analysis as shown in Figure 5.7, as a first step change in the 
baseline when the heat capacity of a molten material is increased. This step is 
usually followed by an exothermic peak, which represents the crystalline 
temperature (Tc) and an endothermic peak indicative of the melting temperature 
(Tm) (Figure 5.7). 
 
 




A Stanton Redcroft DSC 1500 (Rheometric Scientific, Epsom, UK) was utilised to 
obtain the Tg of all glass powders (Figure 5.8). 50mg (±0.1mg) of each glass 
powder (<38µm) was placed into a DSC platinum crucible and run against analytical 
grade alumina powder as a reference. The temperature was increased from 25°C to 
1000°C, at a heating rate of 20°C per minute, in flowing Nitrogen gas, with a flow 











Figure 5.8. A Stanton Redcroft DSC 1500 
 
5.3.3. Glass hardness measurements 
 
The hardness of the discs (10 per glass) was measured using a Vickers diamond 
pyramid indenter (Zwick/Roell, ZHU 187.5; Figure 5.9) with an applied load of 29.4N 
for 10 seconds. The Vickers Hardness Number (VHN) of each glass composition 
(45S5, SylcTM and all experimental glasses) was recorded (per disc) for each glass 
(n=10). The VHN values (displayed on the LCD) were averaged and presented as 
mean ± standard error of mean (SE). Subsequently, QMAT3 glass was selected for 
air-abrasion studies due to its lower hardness compared to that of enamel, Sylc™ 
and other experimental glasses.  
A similar methodology was also utilised to measure the hardness of 20 prepared 
discs of two orthodontic adhesives (Transbond XT™ and Fuji Ortho LC™; 10 discs 
each) for further use in section 5.4.1. These were prepared by placing the adhesive 
material in bespoke cavities formed in a Perspex® sheet (of diameter 1cm and 1mm 
thickness). These were light-cured using an LED curing light unit (3M ESPE, 
EliparTM, 3M Dental Products, Germany) following the manufacturer’s instructions 
used during bonding of orthodontic brackets (10 seconds for Transbond XT™ and 
40 seconds for Fuji Ortho LC™ at a distance of 2-3mm). The adhesive discs were 
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subsequently stored in a polyethylene container at room temperature for two days 




 Figure 5.9. Vickers Hardness testing machine (Zwick/Roell, ZHU) 
 
5.3.4. Glass bioactivity dissolution in vitro studies 
a. Tris buffer solution study 
 
Tris buffer solution is a simple physiological solution that does not contain calcium 
or phosphate ions and can be accurately used to characterise the released ions 
from the dissolved bioactive glasses (45S5, SylcTM and all experimental glasses). 
This is useful in clarifying the bioactivity of the glasses by observing their potential to 
form apatite. Tris buffer solution was prepared as reported by Mneimne (2014), by 
slowly adding 15.09g Tris (hydroxyl methyl) aminomethane powder to 800ml of DW 
with stirring using a magnetic stirrer to encourage the powder to dissolve. After 
adding 44.2ml of 1M hydrochloric acid (Sigma Aldrich) with a pipette, the solution 
was placed into an orbital shaker (IKA® KS 4000i Control, Germany) and was 
shaken at 37±0.1°C overnight. 
Tested sample 
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After this period, the solution was removed from the shaker and left to reach room 
temperature (~30 minutes). The pH of the solution was then measured using a pH 
meter (Oakton Instruments), which was calibrated before use. Standard solutions of 
different pH, such as 4.01, 7.00 and 10.01 were used to calibrate the pH electrode, 
which was rinsed with DW after immersion in each solution. Once the pH of Tris 
buffer solution reached ~7.25-7.4 (mimicking the oral environment), by adding small 
amounts of 1M hydrochloric acid, this solution was then filled with DW until the total 
volume of the solution reached two litres. It was then placed in a polyethylene bottle 
and stored in an incubator at 37±0.1°C (oral/body environment temperature) until 
further use. Its pH was checked prior to each experiment. The same methodology 
was used to prepare a Tris buffer solution with pH=9.  
 
In order to observe the potential apatite formation of each glass in Tris buffer with 
two different pHs, a test was performed by dispersing 75mg of each glass powder 
(< 38µm) into 50ml of Tris buffer solution in a polyethylene bottle (150ml). These 
bottles were then kept in a shaking incubator at 37±0.1°C, with a rotation rate of 60 
rpm (rounds per minute) for the following immersion time intervals: 1, 3, 6, 9 and 24 
hours. These immersion time intervals were sufficient to observe the glass 
bioactivity (its potential to form apatite) in Tris buffer solution as reported by 
Mneimne (2014). After the designated time intervals, the samples were removed 
from the shaking incubator and filtered through filter paper (Fisher brand® qualitative 
filter paper; 150mm) to collect the powder from each glass sample. The glass 
powder within the filter paper was then placed in an oven (CamlabTM) at 37±0.1°C 
for 24 hours to dry. The dried powders were then analysed using ATR-FTIR and 
XRD. The pH of Tris buffer solution was also recorded for each glass after the 
designated time intervals.  
 
b. Acetic acid study 
  
A 0.1 M acetic acid solution was prepared by diluting 6.005g of 100% acetic acid 
solution (Analar Normapur, VWR International, France) in 800ml of DW. The pH of 
the acid solution was then buffered to 5.0 by slowly adding a 0.5 M solution of KOH, 
which was prepared from KOH flakes (Sigma Aldrich). The volume of the acid 
solution was then adjusted to 1 litre by adding DW.  
 




To observe the potential apatite formation of each glass (45S5, SylcTM and all 
experimental glasses) in an acidic medium, a test was carried out by dispersing 
75mg of each glass powder (<38µm) into 50ml of acetic acid solution in a 
polyethylene bottle (150ml). These bottles were kept in a shaking incubator at 
37±0.1°C, with a rotation rate of 60 rpm (rounds per minute) for the following 
immersion time intervals: 15 minutes, and (1, 3, 6, 9 and 24) hours. These 
immersion time intervals were sufficient to observe the glass bioactivity (its potential 
to form apatite) in acetic acid as reported by Bingel et al. (2015). After the 
designated time periods, each glass powder was then collected following the 
methodology described in the Tris buffer study. Thereafter, the dried powders were 
analysed using ATR-FTIR and XRD. The pH of acetic acid solution was also 
recorded for each glass after the designated time intervals.  
 
c. Artificial saliva study 
 
Artificial saliva was prepared by dissolving the following reagents: potassium 
chloride (KCl, 2.24g); potassium dihydrogen phosphate (KH2PO4 1.36g); sodium 
chloride (NaCl, 0.76g); calcium chloride dihydrate (CaCl2.2H2O, 0.44g) dissolved in 
15ml DW to prevent precipitation of calcium, and Mucin from porcine stomach (2.2g) 
(all from Sigma Aldrich, UK) in 800ml DW. The pH of AS was then adjusted to 6.5 
by slowly adding a 0.5M solution of potassium hydroxide (KOH), which was 
prepared from KOH flakes (Sigma Aldrich, UK). Finally, the artificial saliva was 
topped up with DW until the total volume of the solution reached one litre. It was 
then placed into a polyethylene bottle in a fridge at 4±0.1°C before further use and 
was used within a week in order to avoid precipitation of calcium phosphate. The 
protocol for preparing the artificial saliva used in this research was developed by 
Modus Laboratories (Reading, UK), and it has been used by Earl et al. (2010) and 
Mneimne (2014) to study the glass dissolution behaviour and bioactivity. 75mg of 
each glass powder (<38µm) was dispensed into 50ml of artificial saliva in a 
polyethylene bottle (150ml). These bottles were kept in a shaking incubator at 
37±0.1°C, with a rotation rate of 60 rpm (rounds per minute) for the following 
immersion time intervals: 15, 30, and 45 minutes and 1 hour. These immersion time 
intervals were sufficient to observe the glass bioactivity (its potential to form apatite) 
in artificial saliva as reported by Mneimne (2014). After the designated time periods, 
each glass powder was then collected following the methodology described in the 
Tris buffer study. The collected, dried powders from 45S5, SylcTM and all 




experimental glasses were then analysed using ATR-FTIR and XRD. The pH of 
artificial saliva was also recorded for each glass after the designated time intervals. 
Table 5.5. summarises all glass dissolution studies.  
Table 5.5. Summary of all glass dissolution studies 
Solution Initial 
pH 
Time points Glass mass/solution volume 
Tris buffer 7.3 (1, 3, 6, 9, and 24) hours 75mg/50ml 
Tris buffer 9 (1, 3, 6, 9, and 24) hours 75mg/50ml 
Acetic acid 5 15 minutes and (1, 3, 6, 9, 
and 24) hours 
75mg/50ml 





5.3.5. Apatite detection using 19F MAS-NMR 
Magic Angle Spinning - Nuclear Magnetic Resonance (MAS-NMR) spectroscopy is 
a powerful technique that gives information on the type of apatite formed.19F MAS-
NMR was carried out using a 600MHz (14.1T) spectrometer (Bruker, Germany) at a 
Larmor frequency of 564.5MHz, under spinning conditions of 22kHz in a 2.5mm 
rotor. The spectra were acquired using a low-fluorine background probe in a single-
pulse experiment of 30 seconds recycle duration. The 19F chemical shift scale was 
referenced using the -120ppm peak of 1M NaF solution. The spectra were acquired 
for overnight based on 256 scans. One novel, most promising experimental glass 
(QMAT3, further details are shown in results chapter) was assessed using the 19F 
MAS-NMR technique to identify the type of apatite formed after immersion in Tris 
buffer solution and artificial saliva for 24 hours and 1 hour, respectively. In addition, 
the 19F MAS-NMR was also used to confirm the presence of fluorapatite on the 
enamel surface, after propelling the novel glass (QMAT3) via the air-abrasion hand-
piece (BA UltimateTM air polisher). Five enamel blocks (~4x4mm) were harvested 
with a maximum thickness of ~1mm using a diamond cutting machine (Accutom-5, 
Struers A/S, Ballerup, Denmark). The immersion time was standardised at 24 hours 
in 50ml artificial saliva at 37˚C1°C in an orbital shaker (IKA® KS 4000i Control, 
Germany). One of the blocks was kept as a sound enamel surface for 19F MAS-
NMR analysis, whereas the others were demineralised. After demineralisation (see 




section 5.5.3), one enamel block was kept as a demineralised enamel surface for 
19F MAS-NMR analysis, another was immersed in artificial saliva (AS) alone, whilst 
the others underwent air-abrasion with either the novel glass (QMAT3) or SylcTM 
(furthur details described in section 5.5.3). Each enamel block was dried and ground 
to a fine powder before 19F MAS-NMR analysis.  
 
5.3.6. Glass particle size distribution analysis 
Glass particle size distribution analysis was performed on 45S5, SylcTM and all 
experimental glass powders of particle size <38µm in size and between 38-90µm 
using a Malvern particle size analyser (Mastersizer 3000, Malvern instruments, UK; 
Figure 5.10). Approximately 30mg of each glass powder (<38µm in size) was 
weighed using a digital balance (Mettler instrument, Switzerland; used for all 
experiments of the present study) and dispersed in 700ml of DW until the ideal laser 
absorbance level was achieved. Five measurements were recorded per glass and 
then averaged to produce a more reliable value. 
A Malvern/ E Mastersizer (Malvern instruments, UK; Figure 5.11) was also used to 
analyse the particle size distribution of all glass powders with a size ranging 
between 38µm and 90µm.The reason behind using two analysers was due to the 
latter analyser being replaced by the former during this research project. 
Approximately 30mg of each glass powder was dispersed in 500ml of DW until the 
ideal laser absorbance level was achieved. The laser is scattered through a 
dispersed particulate sample. Large particles scatter light at small angles relative to 
the laser beam and small particles scatter light at large angles. Subsequently, the 
angular scattering intensity data was analysed to calculate the particle size 
responsible for creating the scattering pattern. Two measurements were recorded 
for each glass and the average of these measurements was taken to produce a 
more reliable value.  
 









Figure 5.11. Malvern Mastersizer/ E 
 
5.3.7. Glass particle shape analysis 
A scanning electron microscope (SEM-FEI Inspect F, Oxford instruments, UK) with 
an accelerating voltage of 20kV and a working distance of 10mm was used to scan 
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and analyse the shape of the glass particles, which were later used in air-abrasion 
studies, orthodontic adhesive removal studies and WSLs remineralisation studies. 
Prior to SEM scanning, the glass particles of each glass (45S5, SylcTM and all 
experimental glasses) of particle size ranging between 38-90µm were mounted on 
stubs and sputter-coated with gold using an automatic sputter coater (SC7620, 
Quorum Technologies, UK). The reason behind analyse the shape of glass particle 
ranging between 38-90µm was due to this range of particle size allowed escape of 
the glass powder through the hand-piece nozzle tip without agglomeration, 
therefore, it has been decided to use in this research for subsequent air-abrasion 
studies and experiments using the novel most promising experimental glass. 
 
5.4 Air- abrasion studies performed using the optimal novel glass, QMAT3  
5.4.1. Glass cutting efficiency  
The cutting efficiency of the novel most promising experimental glass (QMAT3; its 
properties are shown in the results chapter) was tested against the commercially-
used SylcTM (each glass has a particle size ranging between 38-90µm). A Velopex 
Aquacut QuattroTM air-abrasion machine (Figure 5.12) was used to propel these two 
glasses using a hand-piece (0.8mm internal nozzle tip diameter; Figure 5.13a). The 
stream of glass particles was surrounded by a water shroud. The test involved 
recording the time required to cut a hole within 60 pre-prepared disc samples 
(Figure 5.13b) of an orthodontic light-cured adhesive (Transbond XTTM). These 
adhesive discs were prepared by placing the adhesive material in prepared cavities 
in a Perspex® sheet (of diameter 1cm and a thickness of 1mm) and light-cured using 
an LED curing light unit (3M ESPE, EliparTM, 3M Dental Products, Germany) 
following the manufacturer’s instructions (10 seconds on one side at a distance 2-3 
mm from the light gun tip to the adhesive surface). These adhesive discs were 
subsequently stored in a polyethylene container at room temperature for two days. 
Thereafter, they were made to adhere to a microscopic slide using double-sided 
adhesive tape. A red tape was placed on the opposite side of the microscopic slide 
to allow better visual perception when the hole had reached its base. Thirty 
adhesive discs were used per glass powder, which were further subdivided into 6 
groups (n=5) based on different air pressures (40 and 60 psi; per square inch) and 
different powder flow setting rates using the dials on the machine (1, 3, and 5). Two 
nozzle tip angulations (90° and 45°) were tested while the operating distance from 
the nozzle tip to the disc surface remained constant at 5mm. The effects of varying 












a)   b) 
Figure 5.13. Methodology used to test the glass cutting efficiency: a) hand- 
piece for air-abrasion machine, and b) prepared adhesive disc samples on a 
microscopic slide  
 
5.4.2. Glass powder flow rate 
The glass powder flow rate of a Velopex Aquacut QuattroTM air-abrasion machine 
was compared with that of BA UltimateTM air polisher (Figure 5.14), which was 
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connected to a dental chair unit. Both air-abrasion systems were used without a 
water shroud, since the latter might affect the recorded weight data. Two glasses 
(QMAT3) and the commercially-used SylcTM glass were propelled (each glass has a 
particle size ranging between 38-90µm) inside polyethylene containers (as shown in 
Figure 5.15) via these two air-abrasion systems. Forty-two containers were weighed 
before and then after glass propulsion. The nozzle tip of the hand piece of each air-
abrasion system was fitted into a hole at the top of the container. This hole was 
surrounded by condensation silicone laboratory putty (polyvinyl siloxane, Coltene) in 
order to avoid escape of the glass powder from the container via the back flow. 
Each glass powder was propelled into the container for one minute, respectively. 
During that time, a black paper was placed at the bottom of the container to monitor 
any escape of the white powder. The operating parameters of the Velopex Aquacut 
QuattroTM air-abrasion machine were varied from 40 and 60 psi, while the powder 
flow setting rate dial on the machine varied from 1, 3 and 5 per glass. Three 
readings were carried out per air pressure and powder flow rate setting dial with 
either QMAT3 or SylcTM, which were then averaged. Three readings for each glass 
were recorded and then averaged when BA UltimateTM air polisher was used at an 
air pressure of 60 psi, which was built into the setting of the dental chair unit.  
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   Figure 5.15. Procedure for assessing the glass powder flow rate 
 
 
5.5. Experiments performed with the optimal novel glass (QMAT3)  
Two experiments have been performed on human extracted teeth samples (see 
section 5.5.1) utilising the novel most promising glass (QMAT3) to investigate its 
functionality as i) orthodontic adhesive removal against Sylc glass and a slow-speed 
tungsten carbide bur (further details in section 5.5.2.), and ii) WSL remineralisation 
in comparison with SylcTM glass and artificial saliva (further details in section 5.5.3). 
The particle size for each glass was ranging between 38-90µm. 
   
5.5.1. Tooth sample preparation  
Human premolar teeth (n =120), extracted for orthodontic purposes, were used 
(with approval from Queen Mary Research Ethics Committee QMREC 2011/99). 
These teeth were selected on the basis of visual observation using an optical 
stereo-microscope at 4.5x magnification (VWR International Microscope). The 
inclusion criteria were: no carious lesions, cracks or any other defects on their 
buccal surfaces. The selected teeth samples were cleaned and stored in DW in a 
refrigerator at 4±0.1°C until required. Prior to the start of the experiment, the teeth 
were washed with DW, air-dried and embedded into plastic moulds filled with cold-




cure acrylic resin (OrthocrylTM, UK) leaving the buccal surfaces exposed (Figure 
5.16a). The buccal surface of each tooth sample was then polished with non-
fluoridated pumice paste for 20 seconds, rinsed with water and air-dried. Thereafter, 
a polyvinyl chloride tape was placed on the buccal surface of each tooth sample, 
excluding a window (4mm x 4mm) at the centre (Figure 5.16b). The covered area 
was used as a reference for later visual comparison between the treated and 
untreated surfaces. Finally, these prepared teeth samples were stored in an 
incubator at 37±0.1°C until use.  
 
 
               
a)         b) 
Figure 5.16. The prepared tooth sample: a) the tooth is embedded into a 
plastic mould filled with acrylic resin, and b) a polyvinyl chloride tape is 
placed on the buccal surface of the tooth sample leaving a window of 
exposed enamel surface 
 
 
5.5.2. Orthodontic adhesive removal  
Following the manufacturer’s instructions, two light-cured orthodontic adhesive 
systems: resin composite, Transbond XT™ (3M Unitek, Monrovia, CA, USA) and 
resin modified glass ionomer cement, Fuji Ortho LC™ (GC corporation, Tokyo, 
Japan) were used to bond 60 premolar metal brackets (MiniSprint®, Forestadent, 
Pforzheim, Germany) to the prepared teeth samples (30 premolar teeth per 
adhesive system group). Enamel etching with 37% phosphoric acid was undertaken 
for 30 seconds prior to application of Transbond XT™, while the enamel surface 
was left unetched prior to application of Fuji Ortho LC™. Each bracket was 










(Correx Co, Berne, Switzerland) for 5 seconds, to ensure a uniform thickness of the 
adhesive (Eliades and Brantley, 2000). The teeth with the attached brackets were 
then stored in DW for one week at 37°C. Thereafter, the plastic moulds (with the 
extracted teeth mounted) were held in a mounting jig (Instron®, UK) to allow removal 
of the brackets using a debonding plier (IxionTM, DB Orthodontics) by one operator. 
Three different clean-up methods were used for removal of the residual orthodontic 
adhesive: slow-speed tungsten carbide bur (TC), commercially-available Sylc™-air-
abrasion, and novel experimental glass (QMAT3)-air-abrasion. The teeth samples 
within each orthodontic adhesive group were randomly assigned to three groups (10 
teeth per clean-up method). Both Sylc™ and QMAT3 glass were propelled via an 
air-abrasion hand-piece (BA UltimateTM air polisher) connected to a dental chair unit 
with a water shroud. This air-abrasion system was chosen in view of its clinical 
applicability and relevance. The operating parameters were: air-pressure 60 psi, 
nozzle angle 75° and nozzle tip-enamel surface distance of 5mm. Complete 
removal of the adhesive remnants was assessed by visual inspection under a dental 
operating light, and later verified by an optical stereo-microscope at 4.5x 
magnification (VWR International Microscope). 
 
A non-contact white light profilometer (Proscan®2000, Scantron, Taunton, UK; see 
section 5.5.4.2) was used to measure the enamel surface roughness for all 
prepared teeth samples under different conditions before bracket bonding, after post 
clean-up and after polishing (using rubber cup and non-fluoridated pumice for 20 
seconds). The study design is summarised in Figure 5.17. Additionally, two 
prepared teeth samples, which represented the enamel surface under different 
conditions (before bracket bonding, after clean-up using the TC bur, after clean-up 
using SylcTM-air-abrasion, and after clean-up using QMAT3-air-abrasion) were 
examined using scanning electron microscopy (SEM-FEI Inspect F, Oxford 
instruments, UK) to assess the enamel surface damage. Furthermore, the time 
required to remove the remnants of the two adhesives was also assessed for each 
post clean-up method. 






Figure 5.17. Flow chart representing the experimental study design to assess enamel surface roughness following orthodontic 
adhesive removal 




5.5.3. White spot lesion (WSL) remineralisation  
Thirty prepared human premolar teeth samples (described earlier in 5.5.1 section) 
were used to compare the enamel surface changes under different conditions 
(sound, demineralised, after glass propulsion and after immersion in artificial saliva 
to induce remineralisation). A bi-layer demineralisation protocol (Figure 5.18) 
involving 8% methylcellulose gel (50ml) buffered with a layer of lactic acid solution 
(50ml, 0.1 mol/L, pH 4.6) for 14 days at 37°C was used to induce artificial 
subsurface lesions (WSLs) with an average depth of 70–100µm (ten Cate et al., 
2006; Milly et al., 2015). The methylcellulose gel covered the enamel surface of the 
prepared tooth sample, followed by filter paper and then by a layer of lactic acid 
solution where the methylcellulose gel buffered the effect of the acid during 
induction of an artificial WSL on the buccal surface of each tooth. Thereafter, the 
average lesion depth (70-100µm) was confirmed by the data obtained from optical 
coherence tomography (OCT; see later), which was analysed by an Image J 




Figure 5.18. Protocol used to create artificially-induced WSLs 
 
After demineralisation, the thirty teeth samples were randomly assigned into three 
experimental groups (n=10) based on the remineralisation treatment. These are: 
SylcTM-air-abrasion group, QMAT3-air-abrasion group, and the control group. An air-
abrasion hand-piece (BA Ultimate air polisher) connected to a dental chair unit, was 
used to propel bioactive glasses on the artificially-induced WSLs. A commercially- 
available glass (SylcTM: SylcTM-air-abrasion group) and the novel experimental glass 
Mounted tooth 
sample 




(QMAT3: QMAT3-air-abrasion group) were used to remineralise the demineralised 
teeth samples. A third group (control) was left untreated and only immersed in DW.  
The hand-piece (BA UltimateTM air polisher) was used with the following operating 
parameters: air-pressure 60psi, nozzle angle 90°, and nozzle tip-enamel surface 
distance of 5mm. This procedure was followed by immersing the teeth samples from 
all three groups individually into separate plastic containers containing artificial 
saliva for 24 hours (50ml of artificial saliva for each tooth sample). These containers 
were placed in an orbital shaker (IKA® KS 4000i Control, Germany) to keep the 
temperature constant at 37±0.1°C, mimicking the oral environment. The prepared 
teeth samples from each group were scanned using optical coherence tomography 
(OCT), non-contact profilometer, and Knoop hardness testing machine, 
respectively, after each enamel condition (Figure 5.19). Moreover, for further 
investigations, twenty prepared teeth samples (described earlier in 5.5.1 section) 
were randomly selected to be examined by scanning electron microscope (SEM) 
and energy dispersive x-ray spectroscopy (EDX). Two prepared teeth samples were 
scanned per technique representing the enamel surface under specific conditions: i) 
sound enamel, ii) demineralised enamel using the aforementioned demineralisation 
protocol, iii) remineralised enamel using only artificial saliva, iv) remineralised 
enamel following SylcTM-air-abrasion and immersion in artificial saliva, and v) 
remineralised enamel following QMAT3-air-abrasion and immersion in artificial 
saliva. 
 







Figure 5.19. Experimental study design to assess enamel surface changes under different conditions 




5.5.4. Assessment techniques used in in vitro studies   
Since no single technique has been proven to be superior in evaluating enamel 
changes, a combination of different techniques were used based on the study design, 
the technique availability, the technique sensitivity and accuracy, the cost and the time 
required.  
 
5.5.4.1. Optical Coherence Tomography (OCT) 
The prepared teeth samples (10 teeth per experimental group) were scanned using the 
OCT system (laboratory custom built) to assess the intensity of the light backscattering 
from the enamel surface prior to demineralisation (sound), after demineralisation, after 
glass propulsion and after immersion in artificial saliva. All teeth samples were hydrated 
for OCT scanning; they were assessed in a dry state (left at room temperature for at 
least 2days) prior to assessment by other techniques (e.g. profilometer, Knoop 
hardness, SEM and EDX). OCT system (Figure 5.20) was operated at 1325nm central 
wave-length, 10 kHz frequency rate and 15 mW energy power. The axial and 
transverse resolutions were 8µm and 10µm in air, respectively. The scanning beam of 
OCT was oriented perpendicular to the enamel surface of each sample covering an 
area of 3mm x 3mm, with approximately 3mm scans in depth. Five hundred B-scans, 
grey-scale images were performed by the OCT system and analysed using image 
processing Fiji software image J TM. 
 
 Figure 5.20.  OCT system and the sample 
OCT scan probe 
Mounted tooth 
sample 





A non-contact 3D white light profilometer (Proscan®2000, Scantron, Taunton, UK; 
Figure 5.21a) was used to measure the surface roughness of the enamel under 
different conditions in the two in vitro studies performed in this research. A standard 
scan area (1mm x 1mm) within the exposed window (4mm x 4mm) of the enamel 
surface was scanned within each tooth. Prior to scanning, the plastic mould (where the 
extracted tooth was mounted) was placed into a pre-prepared cavity made of Virtual® 
Putty Regular (Ivoclar Vivadent) polyvinylsiloxane impression material on the upper 
surface of the circular aluminium plate of 8.5cm in diameter (Figure 5.21b). This 
impression material was imprinted with four lines corresponding to those drawn on the 
border of each plastic mould to ensure consistent positioning of the mould during 
repeated scans for 10 teeth per experimental group.  
 
The operating parameters of profilometer were: sample rate (frequency rate): 100Hz; 
step size: 0.01mm; and number of steps: 10, to optimise the measuring performance 
based on the Proscan 2000 manual instructions.  Prior to each scan, the same 
operating parameters were applied, and the samples were accurately repositioned in 
the same X and Y position, which was verified by the software. The most common 
profilometer parameter for measuring the surface roughness is Ra, which is defined as 
the arithmetic mean of the absolute values of profile deviations from the mean line. 
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5.5.4.3. Knoop hardness testing  
For testing the enamel surface hardness, a Struers Duramin microhardness tester with 
a Knoop elongated pyramid-shaped diamond indenter (Struers Ltd., Denmark; Figure 
5.22) was used at a predetermined load and dwelling time (50g for 10 seconds). This 
work has been performed at King’s College London. An elongated pyramid-shaped 
indentation with long and short diagonals was produced after the elongated Knoop 
indenter was perpendicularly located at the centre of the exposed enamel surface of 
each sample and then imaged with a 40x air objective lens. The indentation was 
assessed based on the sharpness of indentation edges, uniformity and symmetry of 
indentation shape (geometry) and absence of irregularities in the testing area. The 
Knoop hardness number (KHN) was calculated by measuring the length of long-axis 
indentation (long diagonal) using the manufacturer's software. Since the enamel has a 
convex surface, three well-shaped indentations (Figure 5.23), 200µm apart, were made 
to minimise any discrepancy, and to avoid the risk of interferences and crack 
propagation between indentations. These indentations were recorded and then 
averaged to obtain the KHN of each sample (10 teeth per experimental group) in 
varying states (sound, demineralised, after glass propulsion, and after immersion in 
artificial saliva). 
.  
Figure 5.22. Knoop hardness testing machine (Struers / Duramin) 
 
The tested sample is 
placed on this plate 






Figure 5.23. Well-shaped indentations using Knoop hardness testing machine 
 
 
5.5.4.4. Scanning electron microscopy (SEM) 
A scanning electron microscope (SEM-FEI Inspect F, Oxford instruments, UK) with an 
accelerated voltage of 20kV and a working distance of 10mm was used to obtain 
information on the morphology of the prepared enamel tooth sample from each 
experimental group under different conditions: sound, demineralised, after glass 
propulsion and immersion in artificial saliva to induce remineralisation (2 teeth per 
state). The SEM images were produced by an interaction between accelerated 
electrons and the enamel surface. This interaction caused signals in the form of 
secondary electrons, backscattered electrons and heat. Each signal was detected by a 
specific detector. Before SEM imaging, the tooth sample was rinsed thoroughly with 
deionised water, dried at room temperature for 48 hours, and then coated with a 
conductive coating (gold) using an automatic sputter coater (SC7620, Quorum 
Technologies, UK). This gold layer cannot be removed without inducing enamel 














5.5.4.5. Energy Dispersive X-ray Spectroscopy (EDX) 
The elemental compositions of the prepared enamel samples under different conditions 
from each experimental group (2 teeth per state) were identified using energy 
dispersive X-ray spectroscopy (EDX; Oxford instruments, UK) operating at accelerated 
voltage of 20kV and a working distance of 10mm. Prior to EDX mapping, each tooth 
sample was dried at room temperature for 48 hours and coated with carbon using a 
carbon sputter-coated machine (Balzers/CED 030, Baltec) to detect the emission lines 
of elements such as calcium (Ca), sodium (Na), phosphorus (P), fluoride (F), carbon 
(C), oxygen (O) and silicon (Si).  
 
5.6. Statistical analysis 
Descriptive statistics were calculated with data entered into Microsoft Excel for 
analysis. Inferential statistical analysis was performed with the SPSS software package 
(Version 24; SPSS Inc., New York, NY, USA). One-way analysis of variance (ANOVA) 
was used to compare mean differences between groups with Tukey’s HSD post hoc 





6.1. Glass development  
A bioactive glass (45S5) mirroring the formula of commercially-available 45S5 (SylcTM) 
was prepared and the subsequent results confirmed that both behaved in a similar 
manner. Five novel experimental glasses (QMAT1-5) incorporating SiO2, P2O5, CaO, 
Na2O, CaF2 with a constant network connectivity (NC) of 2.08 were also developed. 
The compositions of these experimental glasses were based on changing the molar 
composition of the laboratory-prepared 45S5 to better approximate the required clinical 
properties of the most promising novel glass. In particular, a hardness lower than that 
of the enamel surface and the commercially-used glass (SylcTM), but higher than that of 
orthodontic adhesives to permit safe and effective removal of adhesive following fixed 
orthodontic treatment was required. In addition, a glass powder with potential 
remineralising characteristics was considered important.  
 
The characteristics of each glass were studied using two different particle sizes: <38µm 
and between 38µm-90µm. Thereafter, the most promising novel glass, as well as the 
commercially-available glass (SylcTM), were used in two air-abrasion studies to test the 
cutting efficiency of each glass powder and its flow rate, respectively. These air-
abrasion studies were followed by two in vitro studies which included orthodontic 
adhesive removal and remineralisation of WSLs on extracted human teeth. 
 
6.2. Glass characterisation studies 
6.2.1. Characterisation of the amorphous nature of glasses 
a. ATR-FTIR 
Prior to commencing the glass bioactivity dissolution studies, the ATR-FTIR spectra of 
untreated (not immersed) SylcTM, 45S5 and experimental glasses (QMAT1-5) were 
obtained. Figure 6.1 displays two main bands at 920cm−1 and 1030cm−1 wavenumbers 
related to non-bridging oxygens (Si-O--M+, where M+ is an alkali metal modifier element) 
and vibrational stretching of Si-O-Si, respectively (Jones et al., 2001; Cerruti et al., 




experimental glasses have the characteristic features of being amorphous, similar to 
45S5 and SylcTM glasses. However, there was a broad band at approximately 580cm-1 
for all experimental glasses, which may be related to PO4 vibrations, as they contained 
a higher phosphate content than both 45S5 and SylcTM (Mniemne, 2014). Conversely, 




Figure 6.1. ATR-FTIR spectra for untreated 45S5, SylcTM and experimental glasses 








The XRD patterns of the three untreated experimental glasses (QMAT1, QMAT2, and 
QMAT3), 45S5 and SylcTM were obtained (Figure 6.2) before commencing the glass 
bioactivity dissolution studies. The spectra confirmed that these glasses were 
amorphous in structure based on the presence of the main characteristic peaks centred 
at 32° 2θ (broad halo) and 22° 2θ (secondary halo) (Mneimne et al., 2011).   
 
 
Figure 6.2. XRD data for untreated 45S5, SylcTM and experimental glasses 
(QMAT1, QMAT2, QMAT3) 
        
Conversely, the XRD patterns of both QMAT4 and QMAT5 (Figure 6.3) confirmed that 
they contained crystalline phases, due to the presence of distinct diffraction peaks 
between 20° 2θ and 70° 2θ instead of the smooth, broad halos that were observed with 






Figure 6.3. XRD data of QMAT4 and QMAT5 
 
These crystalline phases were Portlandite (Calcium Hydroxide; reference code 01-078-
0315) and Sodium Calcium Silicate (Na2Ca (SiO4); reference code 04-012-6691). The 
2 Theta and intensity (%) of the most characteristic reflections of the phases of interest 
for both crystalline phases from their JCPD files are shown in Tables 6.1 and 6.2, 
respectively. In addition, the stick pattern for both crystalline phases are also 
represented in Figure 6.4 and 6.5, respectively. 
 
Table 6.1.  Most characteristic reflections of Portlandite from its JCPD file 
 
Reference pattern: Portlandite (Calcium hydroxide), 01-078-0315 


















Table 6.2. Most characteristic reflections of Sodium Calcium Silicate from its 
JCPD file 
 
Reference pattern: Sodium Calcium Silicate, 04-012-6691 














Figure 6.5. Stick pattern of Sodium Calcium Silicate (Na2Ca (SiO4) 
 
The XRD patterns for all seven glasses were in agreement with the findings observed 
from the ATR-FTIR spectra. Further experiments with both QMAT4 and QMAT5 
experimental glasses were discontinued at this stage because their crystalline structure 
will have affected their dissolution rates and bioactivity (apatite formation).  
 
 
6.2.2. Glass thermal analysis  
The glass transition temperature (Tg), crystalline peak temperature (Tc) and melting 
temperature (Tm) of 45S5, SylcTM and experimental glasses are shown in Table 6.3. 
The Tg was 530°C for 45S5 with sodium and phosphate and silica contents of 
24.4mol% 2.6mol% and 46.1mol%, respectively. A similar Tg was recorded for SylcTM, 
while the Tg of experimental glasses decreased as the sodium and phosphate content 




sodium and phosphate content increased to 30mol% and 6.1mol%, respectively, with a 
constant ratio of fluoride (3mol%) and a reduction in silica to 37mol%.  
Table 6.3. Tg, Tc, and Tm of 45S5, SylcTM and experimental glasses. 
Bioactive 
Glasses 
Tg (°C) Tc (°C) Tm (°C) 
45S5 530 741 1450 
SylcTM 530 741 1450 
QMAT1 524 689 1440 
QMAT2 450 647 1430 
QMAT3 355 555 1420 
 
6.2.3. Glass hardness measurements 
The Vickers hardness number (VHN) decreased dramatically (Table 6.4) from 
472.8±2.28VHN (~4.63GPa) and 475.7±2.07VHN (~4.66GPa) for SylcTM and 45S5, 
respectively, to 350.4±1.14VHN (~3.43GPa) for QMAT3. The experimentally-
determined VHN were converted to GPa units using the following equation: 
 GPa = VHN x 0.009807. 




Vickers Hardness Number 
(VHN) 
Mean ± SD 
Hardness (GPa) 
(Mean± SD) 
45S5 475.7 ± 2.07 4.66 ± 0.02 
SylcTM 472.8 ± 2.28 4.63 ± 0.01 
QMAT1 458.6 ± 2.50 4.49 ± 0.02 
QMAT2 458.6 ± 2.50 4.25 ± 0.02 




6.2.4. Glass bioactivity dissolution studies 
6.2.4.1. Tris buffer solution studies at pH 7.3 and 9 
a. Tris buffer solution (pH = 7.3) 
 
After immersion in Tris buffer solution (pH 7.3) for 1, 3, 6, 9 and 24 hours, the ATR-
FTIR spectra of all experimental glasses (QMAT1, QMAT2, QMAT3) showed dramatic 
changes compared to their corresponding untreated (before immersion) versions 
(Figure 6.6 and 6.8). These changes were signified by a reduction in the intensity of the 
non-bridging oxygen (Si-O-- alkali+, NBO) band at 920cm–1 after immersion for 1 hour. 
This band disappeared with longer immersion times suggesting rapid glass 
degradation. In addition, a single P–O vibration band appeared at 560cm−1 after 3 
hours, which indicated the presence of apatite precursors (Jones et al., 2001). At 6 
hours, the latter band split into prominent twin bands at 560cm−1 and 600cm−1, which 
became well-defined with longer immersion times. These twin bands indicated the 
presence of apatitic (PO4)3− groups, the main characteristic feature of apatite formation, 
including hydroxyapatite, fluorapatite and carbonated hydroxyapatite (Kim et al., 1989; 
Peitl Filho et al., 1996). The formation of apatite was confirmed by the presence of a 
sharp phosphate band at 1030 cm−1 following 6, 9 and 24 hours of immersion (Jones et 
al., 2001). Conversely, 45S5 and SylcTM did not show any bands at 560cm−1 and 
600cm−1, with the further absence of the sharp phosphate band at 1030cm−1 at 6 hours. 
Apatite formation features (twin bands at 560cm-1 and 600cm-1, and a sharp phosphate 
band (PO4)3− at 1030cm−1) in 45S5 and SylcTM glass appeared at 24 hours, but these 
were less prominent compared to those obtained for all experimental glasses (Figure 





























Figure 6.10. ATR-FTIR spectra of SylcTM glass after immersion in Tris buffer 
solution (pH=7.3) 
 
The XRD patterns of all experimental glasses showed a small peak at 26° and a broad 
peak from 32° to 34° 2θ, after 6 hours of immersion in Tris buffer solution (pH 7.3), 
superimposing the amorphous broad peak of untreated glass and the glasses that were 
immersed for 1 hour and 3 hours, respectively (Figures 6.11 to 6.13). These two peaks, 
indicating the presence of apatite, became more pronounced as the immersion time 
increased. However, all the aforementioned peaks were absent in 45S5 and SylcTM 
(Figures 6.14 and 6.15, respectively) until 24 hours, when much smaller peaks 









Figure 6.12.  XRD patterns of QMAT2 glass after immersion in Tris buffer solution 
(pH=7.3) 
 
                                                                  
















Figure 6.15.  XRD patterns of SylcTM glass after immersion in Tris buffer solution 
(pH=7.3) 
 
The pH changes of Tris buffer solution (initial pH 7.3) were also recorded for all 
experimental glasses, 45S5 and SylcTM to observe their dissolution behaviour. The 
recorded data (Figure 6.16) clearly indicated a rise in pH for all glasses at each 
designated time interval in comparison with the control solution (unreacted Tris buffer 
solution). This rise in pH of Tris buffer solution was significant after 6 hours of 
immersion for all experimental glasses (QMAT1, QMAT2, and QMAT3), increasing 
steadily up to 24 hours, peaking at 7.66, 7.75 and 7.82, respectively. Conversely, the 
rise in pH of Tris buffer solution after immersion of both 45S5 and SylcTM was limited 
until 9 hours; thereafter, a sharp increase occurred in the pH level to 7.58 for 45S5 and 







Figure 6.16.The pH change of Tris buffer solution (initial pH=7.3) after immersion 
of 45S5, SylcTM and experimental glasses (QMAT1, QMAT2, and QMAT3) plotted 
against the designated immersion time intervals (1, 3, 6, 9 and 24 hours). * Error 
bars represent the range of pH measured on 2 independent occasions. Where 
error bars are not shown, the error was smaller than the data point 
 
b. Tris buffer study (pH=9) 
The ATR-FTIR spectra of experimental glasses (QMAT1, QMAT2, and QMAT3) after 
immersion in Tris buffer solution of initial pH=9 showed no pronounced changes in 
comparison to their corresponding untreated versions until 6 hours (Figures 6.17 to 
6.19). At 6 hours, the intensity of the non-bridging oxygen (Si+-O-- alkali+, NBO) band at 
920cm–1 slightly decreased suggesting that some ion exchange had occurred. 
Thereafter, a single P–O vibration band appeared at 560cm−1 after 9 hours, which 
indicated the presence of apatite precursors (Jones et al., 2001). At 24 hours, the latter 
band split into prominent twin bands at 560cm−1 and 600cm−1, corresponding to apatitic 
(PO4)3− groups and indicating the formation of apatite (Kim et al., 1989; Peitl Filho et 
al., 1996). The formation of apatite was confirmed by the presence of a sharp 
phosphate band at 1030cm−1. Conversely, both 45S5 and SylcTM did not show any 
changes until 24 hours, when a slight reduction in the intensity of the non-bridging 




























Figure 6.21. ATR-FTIR spectra of SylcTM glass after immersion in Tris buffer 
solution (pH=9) 
 
The XRD patterns verified the recorded ATR-FTIR findings for all glasses after 
immersion in Tris buffer solution of initial pH=9 with the presence of the typical apatite 
features (a small peak at 25.8° and a broad peak at 31.8°, described earlier in section 
5.3.1b) for only experimental glasses (Figures 6.22 to 6.24) at 24 hours of immersion, 
and the absence of these apatite features for both 45S5 and SylcTM glasses (Figures 






























Figure 6.26. XRD patterns of SylcTM glass after immersion in Tris buffer solution 
(pH=9) 
 
There were limited changes in the pH of Tris buffer solution of initial pH=9 (Figure 6.27) 
after immersion of both 45S5 and SylcTM, while an increase in pH was observed at 24 
hours for the experimental glasses only (QMAT1, QMAT2, and QMAT3) to 9.36, 9.43. 
and 9.51, respectively, indicating apatite formation and suggesting that this took longer 
at a higher pH (pH 9 compared with pH 7), as the rise in pH of the immersion solution 
indicated that the ion exchange between the glass (Na+) and the immersion solution 
(H+) occurred. This resulted in a decreased concentration of protons in the immersion 






Figure 6.27. The pH change of Tris buffer solution (initial pH=9) after immersion 
of 45S5, SylcTM and experimental glasses (QMAT1, QMAT2, and QMAT3) plotted 
against the designated immersion time intervals (1, 3, 6, 9 and 24 hours). * Error 
bars represent the range of pH measured on 2 independent occasions. Where 
error bars are not shown, the error was smaller than the data point 
 
6.2.4.2. Acetic acid study 
After immersion in acetic acid solution of initial pH=5, all experimental glasses (QMAT1, 
QMAT2, QMAT3) clearly showed the disappearance of the non-bridging oxygen (Si+-O-- 
alkali+, NBO) band at 920cm–1 at the earlier immersion time point (15 minutes). 
Additionally, a new band appeared at ~790cm-1 after 3 hours corresponding to vibration 
of Si-O-Si bonds between adjacent SiO4 tetrahedra, and indicating the dissolution of 
glasses (Brauer et al., 2011). This was accompanied by the appearance of the typical 
characteristic features of apatite formation in ATR-FTIR spectra (twin bands at 560cm-1 
and 600cm-1, and a sharp phosphate band (PO4)3− at 1030cm−1; Figures 6.28 to 6.30). 
Conversely, both 45S5 and SylcTM showed these apatite features at 9 hours (Figures 
6.31 and 6.32), suggesting that the dissolution of all experimental glasses was faster 
than with both 45S5 and SylcTM. In addition, the corresponding XRD patterns (Figures 
6.33 to 6.37) showed similar trends for rate of apatite formation as observed in their 



































Figure 6.34. XRD patterns of QMAT2 glass after immersion in acetic acid (pH=5) 
 
 






Figure 6.36. XRD patterns of 45S5 glass after immersion in acetic acid (pH=5) 
 
 
Figure 6.37. XRD patterns of SylcTM glass after immersion in acetic acid (pH=5) 
 
The change in pH of the acetic acid solution (initial pH 5; Figure 6.38), after immersion 
of experimental glasses clearly mirrored the ATR-FTIR and XRD observations with a 




highest levels at 6 hours (6.77, 7.13, and 7.34) respectively, followed by a steady pH 
level. Conversely, the pH of acetic acid solutions for both 45S5 and SylcTM   steadily 
increased until 6 hours reaching pH levels of 5.57 and 5.73, respectively. This was 
followed by a sharp increase at 9 hours to 5.97 and 6.2, respectively. As such, the pH 
rise associated with the experimental glasses was more significant and more rapid than 
with either 45S5 or SylcTM. 
 
Figure 6.38. The pH change of acetic acid solution (initial pH=5) after immersion 
of 45S5, SylcTM and experimental glasses (QMAT1, QMAT2, and QMAT3) plotted 
against the designated immersion time intervals (15 minutes, 1, 3, 6, 9 and 24 
hours). * Error bars represent the range of pH measured on 2 independent 
occasions. Where error bars are not shown, the error was smaller than the data 
point 
 
6.2.4.3. Artificial saliva study 
The ATR-FTIR spectra of all experimental glasses, 45S5 and SylcTM immersed in 
artificial saliva (Figures 6.39 to 6.43) revealed the same characteristic features of 
apatite formation that were observed in the Tris buffer and acetic acid studies, but the 
time-dependant transitions were different. In general, all glasses dissolved and formed 
apatite significantly quicker in artificial saliva (pH 6.5) than in Tris buffer solution of pH 7 
and pH 9, respectively, and acetic acid of pH 5. The typical ATR-FTIR apatite features 




were observed earlier in all experimental glasses (at 30 minutes) than those obtained in 
45S5 and SylcTM (at 45 minutes). In addition, all XRD patterns (Figures 6.44 to 6.48) of 
all experimental glasses, 45S5 and SylcTM exhibited the two apatite peaks, at 26° and in 
between 32°-34°2θ, mirroring the ATR-FTIR findings.  
 
 







Figure 6.40. ATR-FTIR spectra of QMAT2 glass after immersion in artificial saliva 
 
 






Figure 6.42. ATR-FTIR spectra of 45S5 glass after immersion in artificial saliva 
 
 






Figure 6.44. XRD patterns of QMAT1 glass after immersion in artificial saliva 
 
 


















Figure 6.48. XRD patterns of SylcTM glass after immersion in artificial saliva 
 
The pH change of artificial saliva of initial pH=6.5 after immersion was recorded (Figure 
6.49). A pH rise was noted for all glasses, suggesting a reaction between the bioactive 
glass and the artificial saliva, and reflecting a higher rate of glass dissolution and 
apatite formation. This rise started rapidly for all experimental glasses (QMAT1, 
QMAT2, and QMAT3) up to 30 minutes of immersion followed by a gradual increase in 
pH level for the remaining immersion periods (45 minutes and 1 hour) to levels of 7.01, 
7.08, and 7.29, respectively. Conversely, the pH level associated with 45S5 and SylcTM 
increased slowly over the first 30 minutes (to pH 6.66 and 6.67) followed by a marked 
increase at 45 minutes and 1 hour reaching pH 6.87 and 6.94, respectively. These pH 






Figure 6.49. The pH change of artificial saliva (initial pH=6.5) after immersion of 
45S5, SylcTM and experimental glasses (QMAT1, QMAT2, and QMAT3) plotted 
against the designated immersion time intervals (15, 30, 45 minutes and 1hour). * 
Error bars represent the range of pH measured on 2 independent occasions. 
Where error bars are not shown, the error was smaller than the data point 
 
 
6.2.5. Apatite type detection using 19F MAS-NMR 
From the data described above it transpired that QMAT3 had the most potential, 
particularly with respect to its lower hardness compared to enamel tooth surface and 
other glasses (experimental, 45S5 and Sylc™), as well as its ability to form apatite 
earlier than both 45S5 and Sylc™. The 19F MAS-NMR spectrum of this glass powder 
after 24 hours of immersion in Tris buffer solution and after 1 hour in artificial saliva 
(Figure 6.50) clearly showed a pronounced peak at -102ppm. This peak was correlated 
to the characteristic 19F chemical shift (ppm) of the reference peak for fluorapatite 








Figure 6.50. 19F MAS-NMR spectra of a) QMAT3 immersed in artificial saliva for 1 
hour, b) QMAT3 immersed in Tris buffer solution for 24 hours, and c) fluorapatite 
reference. (*) Asterisk denotes spinning side bands  
 
The 19F MAS-NMR spectra of the enamel surfaces (Figure 6.51) were assessed under 
four different conditions: sound, demineralised, after glass propulsion, and after 
immersing in artificial saliva to induce remineralisation. These spectra appeared as flat 
lines with no detectable fluoride present in the enamel surfaces in the sound and 
demineralised states, when immersed in artificial saliva, and after propulsion SylcTM 
glass followed by immersion in artificial saliva. Conversely, the enamel surface showed 
the same characteristic fluorapatite peak at -102ppm as the fluorapatite reference peak 






Figure 6.51. 19F MAS-NMR spectra of enamel blocks under various conditions a) 
sound enamel, b) demineralised enamel, c) remineralised by only immersed in 
artificial saliva, d) remineralised by propulsion with SylcTM glass followed by 
immersion in artificial saliva, e) remineralised by propulsion with QMAT3 
experimental glass followed by immersion in artificial saliva, f) fluorapatite 




6.2.6. Glass particle size analysis 
The particle size distribution of 45S5, SylcTM and experimental glasses of batches with 
particle size <38µm are given in Table 6.5 using the Mastersizer 3000 analyser, where 
D10 represents 10% of the glass particle size, indicating the fine particles within the 
distribution, D50 represents 50% of the glass particle size, giving a measure of the 
mean particle size within the distribution and D 90 represents 90% of the glass particle 




Table 6.5. Mean±SD particle size distribution (in micrometres) of 45S5, SylcTM, 




Particle size (µm)  
D10 D50 D90 
45S5 5.56±0.06 17.8±0.1 37.1±0.6 
SylcTM 5.09±0.03 15.8±0.03 33.9±0.05 
QMAT1 5.43±0.06 16.4±0.1 34.3±0.15 
QMAT2 5.26±0.02 16.7±0.01 35.0±0.02 
QMAT3 5.20±0.03 15.7±0.1 34.0±0.5 
 
 
The particle size distribution of 45S5, SylcTM and experimental glasses of batches with 
particle size ranging between 38µm-90µm are given in Tables 6.6 and 6.7, using a 
Mastersizer 3000TM analyser and a Malvern/ E Mastersizer analyser, respectively. The 
two different analysers showed similar pattern for particle size distribution with each 
glass. The frequency distribution curves for both SylcTM and QMAT3, obtained from the 
Mastersizer 3000, are shown in figures 10.1 and 10.2, respectively for batches of 
particle sizes ranging between 38µm-90µm, and figures 10.3 and 10.4, respectively for 
batches of particle sizes <38µm in Appendix 5.  
Table 6.6. Mean±SD particle size distribution (in micrometres) of 45S5, SylcTM and 
experimental glasses of batches with particle size ranging between 38µm-90µm 
using Mastersizer 3000TM analyser. 
Bioactive 
glasses 
Particle size (µm)  
D10 D50 D90 
45S5 33.2±0.05 57.7±0.06 95.1±0.07 
SylcTM 31.1±0.02 57.4±0.07 97.1±0.1 
QMAT1 33.6±0.1 57.4±0.1 93.0±0.1 
QMAT2 33.6±0.1 56.9±0.04 92.1±0.07 





Table 6.7. Mean±SD particle size distribution (in micrometres) for 45S5, SylcTM 
and experimental glasses of batches with particle size ranging between 38µm-
90µm using Malvern/ E Mastersizer analyser. 
Bioactive 
glasses 
Particle size (µm)  
D10 D50 D90 
45S5 35.31±0.02 61.98±0.07         75.97±0.1 
SylcTM            34.12±0.1 63.47±0.04 76.84±0.05 
QMAT1 38.60±0.04            65.52±0.1 77.20±0.28 
QMAT2 38.92±0.02 65.50±0.07 77.19±0.04 
QMAT3            33.82±0.1            62.69±0.1 76.67±0.02 
 
 
6.2.7. Glass particle shape analysis 
SEM images of 45S5, SylcTM and experimental glasses (QMAT1, QMAT2, and QMAT3) 
are presented in Figure 6.52. All images were taken at 250x magnifaction and showed 
that all glasses had similar morphology with sharp, angular irregular particles of 










6.3. Air-abrasion studies performed using the selected novel glass: QMAT 3  
6.3.7. Glass cutting efficiency 
To assess the cutting efficiency of the commercially-available SylcTM glass and the most 
promising novel experimental glass (QMAT3), the cutting time required to cut a hole in 
orthodontic adhesive (Transbond XTTM) discs was recorded five times and then averaged for 
each glass. The glass was propelled at a fixed operating distance (5mm) via a Velopex Aquacut 
QuattroTM air-abrasion machine using various parameters. The latter were varied as follows: Air 
pressure (40psi and 60psi), powder flow rate dials (1, 3, and 5) and nozzle-tip angles (90° and 
45°).  
No significant differences were observed in the cutting time between the two glass groups using 
the same parameters (Table 6.8, Figures 6.53 and 6.54). However, the cutting time significantly 
increased at a nozzle-tip angle of 45° compared to 90° using the same settings (p <0.001). In 
addition, as the powder flow rate increased (from dial 1 to dial 5), a significant reduction in the 
cutting time was uniformly recorded using the same air-pressure and angle (p <0.001). 
Furthermore, increasing the air pressure (from 40psi to 60psi) resulted in a decrease in the 
cutting time at powder flow rate dial 1 and dial 5 at a nozzle-tip angle of 45°, and at dial 5 at 90° 
in the SylcTM groups, while the cutting time was not significantly different between the two air-












Table 6.8. Mean ± SD of the cutting time (in seconds) required to cut a hole within 














1 SylcTM 1 40 30.4±3.21 62.8 ± 4.32 
2 60 28.6±2.97 56.4± 4.16 
3 3 40 27.6±2.31 55.4± 3.36 
4 60 23.6±2.61 57.4± 4.88 
5 5 40 23.8±3.11 55.6±2.41 
6 60 18.4±2.70 50.4± 3.21 
7 QMAT3 1 40 28.4±2.70 56.8± 4.66 
8 60 27.4±2.79 53.6± 4.98  
9 3 40 25.6±2.61 51.8± 2.86 
10 60 24.4±2.51 54.4± 2.88 
11 5 40 22.4±2.70 50.8± 2.95 











Figure 6.53. Mean ± SD of the cutting time required to cut a hole within adhesive discs by 
SylcTM-air-abrasion using various parameters 
 
Figure 6.54. Mean ± SD of the cutting time required to cut a hole within adhesive discs by 




6.3.8. Glass powder flow rate 
To assess the glass powder flow rate of the two air-abrasion systems (Velopex Aquacut 
QuattroTM air-abrasion machine and BA UltimateTM air polisher) with an air pressure of 60psi, the 
amount (in grams) of glass powder (SylcTM and QMAT3) propelled via these two systems was 
recorded over 1 minute (Table 6.9 and Figure 6.55). No significant differences were observed in 
the amount of propelled glass powder between the two glass groups using the same air-
abrasion system and settings. Within each glass group, the flow rate between the glasses was 
consistent at dial 5, while a difference was observed at dials 1 and 3 (p <0.001). In addition, 
adjusting the powder flow rate of the machine from a low (dial 1) to high (dial 5) value led to an 
increase in the amount of propelled glass within each group (p <0.001).  
Table 6.9. Mean ± SD of the amount (in grams) of glass powder propelled via two air-




Velopex Aquacut QuattroTM air-abrasion machine BA UltimateTM air 
polisher 
Powder flow rate 
dials 
Observed powder flow rate  
(g/min.) 





1 0.258 ± 0.12  
 
1.153 ± 0.020 
3 0.625 ± 0.16 




1 0.274 ± 0.008  
 
1.113 ± 0.15 3 0.649 ± 0.12 







Figure 6.55. Amount (in grams) of glass powder propelled via two air-abrasion systems under air pressure 60 psi over one 
minute.  Sig. refers to significant difference, NS refers to non-significant difference, and (^) denotes no significant 





6.4. Experiments performed using the selected novel glass, QMAT 3   
6.4.7. Orthodontic adhesive removal  
6.4.7.1. Profilometer results 
The profilometer analysis was carried out on three experimental groups (TC bur group, 
SylcTM-air-abrasion, and QMAT3-air-abrasion) for two orthodontic adhesives 
(Transbond XTTM and Fuji OrthoTM). The enamel surface roughness under three 
different conditions (before bracket bonding, after adhesive clean-up following bracket 
debonding, and after polishing), are presented in Table 6.10 and Figure 6.56. The 
sound (baseline) measurements did not show any statistically significant differences in 
enamel roughness among the experimental groups before bracket bonding. For 
Transbond XTTM resin groups, the enamel roughness significantly increased after post 
clean-up with both the TC bur (2.93±0.13µm) and SylcTM (1.89±0.15µm) compared with 
their corresponding baseline measurements (p<0.001), while QMAT3-air-abrasion 
group did not exhibit any significant difference in enamel roughness (p=0.927). In 
addition, the enamel roughness values after polishing were significantly higher for both 
the TC bur and SylcTM-air-abrasion groups (2.73±0.31µm and 1.81±0.21µm, 
respectively), than their corresponding baseline measurements (p<0.001). However, no 
significant difference was shown in the enamel roughness with QMAT3-air-abrasion 
group relative to baseline either following adhesive removal (p=0.983) or subsequent 
polishing (p=0.998).  
 
For Fuji OrthoTM, similar patterns were observed for enamel roughness. Roughness 
was significantly higher after post clean-up in the TC (2.57±0.22µm) and SylcTM-air-
abrasion groups (1.59±0.14µm) compared to baseline (p<0.001), but the QMAT3-air-
abrasion group (0.51±0.13µm) did not show any significant difference with baseline 
(p=0.249). In addition, significantly higher enamel roughness values were shown in TC 
and SylcTM-air-abrasion groups (2.63±0.23µm and 1.74±0.19µm, respectively) after 
polishing than their corresponding baseline measurements (p<0.001), but no significant 
difference was shown between those of QMAT3-air-abrasion and their corresponding 






Table 6.10. Mean ± SD of the enamel surface roughness (Ra) in micrometres for 






Experimental group based on:  











1 Transbond XTTM + TC 
 
0.49±0.09 2.93±0.13 2.73±0.31 
2 Transbond XTTM + SylcTM-air-abrasion 
 
0.51±0.1 1.89±0.15 1.81±0.21 
3 Transbond XTTM + QMAT3-air-abrasion 
 
0.49±0.15 0.58±0.07 0.56±0.08 
4 Fuji Ortho LCTM + TC 
 
0.54±0.08 2.57±0.22 2.63±0.23 
5 Fuji Ortho LCTM + SylcTM-air-abrasion 
 
0.46±0.13 1.59±0.14 1.74±0.19 
6 Fuji Ortho LCTM + QMAT3-air-abrasion 
 






Figure 6.56. Bar graph representing means ± SD of the enamel surface roughness under three different conditions for two 
bonding adhesives and three post clean-up methods. (Sig.) refers to significant difference, (NS) refers to Non-significant 




6.4.7.2. Scanning electron microscope (SEM) results 
With regards to the qualitative SEM assessment of the enamel surface after adhesive 
clean-up, representative SEM images (at 250x magnification) are shown in Figure 6.57 
prior to bracket bonding and following the use of the three approaches (TC bur, SylcTM-
air-abrasion and QMAT3-air-abrasion). The sound enamel surface appeared smooth 
before bracket bonding (Figure 6.57a), whilst it became roughened and pitted after the 
use of a slow-speed TC bur (Figure 6.57b). In addition, the enamel surface following 
SylcTM-air-abrasion is seen to have microscopic roughness in some areas (Figure 







Figure 6.57. Representative SEM images of the enamel surface: a) before bracket 
bonding; b) after clean-up using the TC bur; c) after clean-up using SylcTM-air-
abrasion; d) after clean-up using QMAT3- air-abrasion 
 
6.4.7.3. Time required for adhesive removal  
The time required to remove the orthodontic adhesives from the enamel teeth surfaces 
was recorded for three post clean-up methods: TC bur, SylcTM-air-abrasion, and 
QMAT3-air-abrasion (Table 6.11 and Figure 6.58). This time was comparable between 
QMAT3 glass (42.51±3.52 seconds) and SylcTM (40.72±2.90 seconds) with no 
statistically significant differences (p=0.913) between them in the Transbond XTTM 




compared to the TC bur (23.2±4.99 seconds). A similar pattern was observed in the 
Fuji Ortho LCTM groups with no significant differences found between the time required 
to remove Fuji Ortho LCTM by both QMAT3 and SylcTM glasses (p=0.893), while both 
glasses took significantly longer than the TC bur (p<0.001). However, a significant 
difference was observed between Transbond XTTM (53.9±2.38VHN~0.52GPa) and Fuji 
Ortho LCTM (38.1±1.66VHN~0.37GPa) in relation to the hardness values of the 
adhesive discs (p<0.001).  
 
Table 6.11. Means ± SD of the time (seconds) required to remove two residual 











             Experimental study group based on: 
 orthodontic adhesive + post clean-up method 
used 
Time (Sec.) 
1 Transbond XTTM + TC 23.20±4.99 
2 Transbond XTTM + SylcTM-air-abrasion 40.72±2.90 
3 Transbond XTTM + QMAT3-air-abrasion 42.51±3.52 
4 Fuji Ortho LCTM + TC 22.90±4.41 
5 Fuji Ortho LCTM + SylcTM-air-abrasion 38.43±4.29 





Figure 6.58. Means ± SD of the time (seconds) required to remove two residual 
orthodontic adhesives following bracket debonding by three post-clean-up 
methods. (*) denotes significant difference in comparison with TC group using 
the same adhesive. (^) denotes no significant differences between two adhesives 




6.4.8. White spot lesions (WSLs) remineralisation 
6.4.8.1. Optical coherence tomography (OCT) results  
The mean intensity of light backscattering from the tooth surface did not differ 
significantly between the experimental groups at baseline and following 




intensity values were recorded from demineralised enamel surfaces compared to their 
corresponding sound values in each experimental group (p<0.001). After glass 
propulsion, a significant reduction was observed in the intensity values of the light 
backscattered from the tooth surfaces within the QMAT3-air-abrasion group only 
compared to the corresponding values when demineralised (p=0.033). After immersion 
in artificial saliva, a further significant reduction in the intensity values of QMAT3-air-
abrasion was recorded compared to their corresponding values after glass propulsion 
(p<0.001), approximating baseline values (p=1.000), while the intensity values within 
both SylcTM-air-abrasion and control groups remained significantly higher than at 
baseline (p<0.001). 
 
Table 6.12. Means ± SD of the intensity value of light backscattering for each 
experimental group under four different conditions. 






















1 QMAT3-air-abrasion  72.65 ± 
14.06 
129.74 ± 13.97 111.51 ± 13.03 75.31 ± 5.49 
2 SylcTM-air-abrasion  72.70 ± 8.17    130.3 ± 14.91 116.21 ± 11.40 93.41 ± 8.97 






Figure 6.59. Means ± SD of the intensity value of light backscattering for each 
experimental group under four different conditions. (^) denotes no significant 
difference in comparision with the corresponding baseline. 
 
6.4.8.2. Profilometer results 
A significant increase in enamel roughness was observed following demineralisation 
compared to baseline for all experimental groups (p<0.001; Table 6.13 and Figure 
6.60). After glass propulsion, the roughness measurements in the SylcTM-air-abrasion 
group were significantly higher (3.08±0.08µm) than their corresponding measurements 
under sound and demineralised conditions (p<0.001). Conversely, there was a 
significant reduction in the roughness measurements of the QMAT3-air-abrasion group 
following glass propulsion compared to the demineralised state (p<0.001), 
approximating their corresponding sound measurements (p=1.000). After immersion in 
artificial saliva, no significant differences were recorded in the roughness 
measurements of all experimental groups compared to their corresponding values after 
glass propulsion (p=0.599 to p=1.000), indicating that immersion in artificial saliva had 




Table 6.13. Means ± SD of the enamel surface roughness (Ra) in micrometres for 





Figure 6.60. Means ± SD of the enamel surface roughness (Ra) in micrometres for 
each experimental group under four different conditions. (^) denotes no 
significant difference in comparision with the corresponding baseline 
 
6.4.8.3. Knoop hardness testing  
No significant differences were observed in the Knoop hardness values between the 

















1 QMAT3-air-abrasion  0.52 ± 0.10 2.07 ± 0.37 0.55 ± 0.08 0.54 ± 0.08 
2 SylcTM-air-abrasion  0.63 ± 0.09 1.96 ± 0.37 3.08 ± 0.27 2.82 ± 0.18 




6.61). Following demineralisation, the hardness values significantly decreased 
compared to their corresponding sound values for all experimental groups (p<0.001). 
After immersion in artificial saliva, a significant increase was observed in the hardness 
values of both SylcTM-air-abrasion and QMAT3- air-abrasion groups compared to 
demineralised states and directly after glass propulsion (p<0.001), suggesting that the 
glass reacted with artificial saliva and enhanced remineralisation of WSLs. Additionally, 
the hardness values of QMAT3- air-abrasion group were significantly higher than those 
obtained for the SylcTM-air-abrasion and control groups after immersion in artificial 
saliva (p<0.001), although they did not reach their corresponding baseline values.  
  
Table 6.14. Means ± SD of Knoop hardness number (KHN) for each experimental 




















1 QMAT3-air-abrasion 347.91 ± 11.28 256.28 ± 15.57 275.55 ±12.79  322.31 ± 7.53 
2 SylcTM-air-abrasion 344.24 ± 11.61 246.05 ± 14.70 263.94 ±14.52 294.53 ± 
14.09 






Figure 6.61. Means ± SD of Knoop hardness number (KHN) for each experimental 
group under four different conditions. (#) denotes significant increase in enamel 




6.4.8.4. Scanning electron microscope (SEM) 
Representative SEM images of enamel surfaces from the three experimental groups 
under different conditions (sound, demineralised, and remineralised following glass 
propulsion and immersion in artificial saliva) were taken at 3.000x and 20.0000x 
magnifications. Figure 6.62 showed that the sound enamel surface had a homogenous, 
flat and smooth surface, while the demineralised enamel surface appeared porous with 
voids of variable sizes distributed non-uniformly and rough, with irregular patterns of 
surface destruction due to the demineralisation process. After remineralisation (Figure 
6.63), the remineralised enamel surfaces resulting from SylcTM-air-abrasion and 
QMAT3-air-abrasion were infiltrated by scattered mineral precipitate-like deposits. 
These apatite-like structures were more evident and distributed more uniformly in 
QMAT3, completely covering the porosities and resulting in a smoother enamel 
surface. These deposits were unevenly distributed on a less uniform enamel surface 
following SylcTM-air-abrasion. No evidence of remineralisation was observed on the 









































Images taken at 3000x magnification 
 


















































Figure 6.63. SEM images of remineralised enamel surface after using three 


































































6.4.8.5. Energy dispersive X-ray Spectroscopy (EDX)  
Differences in the emission peaks of some elements such as Ca, P, O and Na were 
observed in EDX spectra when comparing between sound and demineralised enamel 
surfaces (Figure 6.64). In addition, when the EDX spectra of those obtained after 
remineralisation involving glass propulsion (SylcTM or QMAT3) followed by immersion in 
AS compared with the remineralised enamel surface in artificial saliva (AS) alone in the 
control group (Figure 6.65), an additional peak for silicon (Si) can be seen for SylcTM 
glass at 1.73 keV in the SylcTM-air-abrasion group, and two additional peaks, at 1.73 
keV and 0.65 keV representing (Si) and fluoride (F), respectively, can be seen for 

























































































































7. DISCUSSION  
7.1. Glass development and characterisation 
7.2.7. Characterization of amorphous nature of glasses, glass thermal analysis, 
and hardness measurements 
Bioactive glass, 45S5, has been used in a number of commercial medical 
(NovaBoneTM), and dental (PerioglasTM, SylcTM and NovaMinTM) applications (Hench, 
2006). Furthermore, preliminary in vitro research has been undertaken on its use via 
propulsion using air-abrasion, in order to cut sound and carious enamel and dentine 
(Paolinelis et al., 2008; Banerjee et al., 2011), remove residual orthodontic adhesives 
following bracket debonding from enamel surfaces (Banerjee et al., 2008), and 
potentially to remineralise white spot lesions (Milly et al., 2014b; 2015). However, these 
preliminary in vitro studies have yet to prompt widespread clinical application due to 
problems including excessive hardness of the glass above that of sound enamel 
(~3.5GPa) risking enamel damage (O’Donnell, 2011), with reported values varying 
between 4.5GPa (Cook et al., 2008) and 5.75GPa (Lopez-Esteban et al., 2003). 
Therefore, it is desirable to develop glasses with similar or lower hardness to that of 
enamel.  
 
A number of alterations to the glass formulation to modify the hardness of bioactive 
glasses are possible. It has, for example, been reported that increasing Na2O content 
from zero mol% to 26.5mol% (in exchange for CaO), across a series of bioactive 
glasses, with a constant network connectivity value close to two (NC=2.04), resulted in 
a linear decrease in the glass transition temperature (Tg; from 750°C to 500°C) 
(Wallace et al., 1999). This was attributed to the substitution of CaO producing a more 
disrupted silicate glass network as one Ca2+ was replaced by two Na+ ions. The latter 
resulted in the loss of the ionic bridges that Ca2+ ions provided between two adjacent 
non-bridging oxygens, thus contributing to a decrease in the packing density of the 
glass. Additionally, it has also been reported that a reduction in silica content led to a 
decrease in Tg (O’Donnell et al., 2009) in two glass series, from 513°C to 482°C and 
from 519°C to 491°C, respectively, when the phosphate content was increased from 
1.07mol% to 9.25mol% and from zero mol% to 6.33mol%, respectively, to replace the 
reduced silica content. Similarly, Brauer et al. (2009) reported a decrease in Tg values 




(from 520°C to 400°C) after reducing the silica content (from 49.47mol% to 
33.29mol%), while increasing the fluoride content (from zero mol% to 32.71mol%). The 
authors attributed this to the formation of complexes between fluoride and calcium ions 
(hypothetical CaF+ complexes) in the glass network structure. These complexes 
reduced the positive charge of the calcium ion from two to one allowing the complex to 
bond only to one non-bridging oxygen instead of two. Hence, the electronegative forces 
between the two non-bridging oxygens reduced, weakening the durability of the glass 
and decreasing its Tg. Furthermore, both Farooq et al. (2013) and Mneimne et al. 
(2011) reported that glasses containing fluoride with a lower silica content and higher 
phosphate content increased the rate of glass degradation and apatite formation. 
 
Hence, this concept of increasing Na2O content (to 30mol%, in exchange for CaO 
content to 23.9mol%, compared to those in 45S5 glass; Na=24.4mol% and 
Ca=26.9mol%), decreasing the silica content (from 46.1mol% for 45S5 to 37mol%), 
increasing phosphate content (from 2.6mol% for 45S5 to 6.1mol%) and the 
incorporation of calcium fluoride (constant ratio of fluoride; 3mol%). This formulation 
was preferred in the present study to develop glasses with lower Tg values, and higher 
rates of degradation and apatite formation. The latter two modifications were a 
consequence of the aforementioned reported studies with Mneimne et al. (2011) and 
Farooq et al. (2013) suggested that increased phosphate content (to approximately 
6mol% in fluoride-containing glasses) led to a rapid release of calcium (Ca2+) and 
orthophosphate (PO43-) ions to the surrounding solution promoting early fluorapatite 
formation (6 hours). The fluoride content was kept constant, not only to enhance 
fluorapatite formation, but to prevent fluorite development as a consequence of 
excessive fluoride above levels of ≥ 5mol% (Lusvardi et al., 2009; Brauer et al., 2009; 
Brauer et al., 2010; Mneimne et al., 2011). The formation of fluorite indicates 
crystallisation of the glass, resulting in inhibition of its bioactive properties; the presence 
of crystalline phases gives rise to increased resistance to ion exchange reactions 
between the glass surface and the physiological solution, which in turn affect apatite 
formation.  
 
Hence, these modifications to the experimental glasses resulted in fluorapatite 
formation and absence of fluorite, which is discussed in detail later. They also resulted 
in a significant decrease in Tg values (355°C for QMAT3) compared with the 45S5 




glass (530°C), SylcTM glass (530°C) and those reported above by O’Donnell et al., 
(2009) and Brauer et al. (2009). A corresponding decrease in hardness values 
(3.43GPa for QMAT3) compared with 45S5 (4.66 GPa) and SylcTM (4.63 GPa) was also 
noted. These hardness values, and those published, vary significantly from one study 
to another; for example, the hardness of bioactive glass, 45S5 reported by Lopez-
Esteban et al. (2003) and Farooq et al. (2013) were 5.75GPa and 5.84GPa, 
respectively. This variation may be associated with the differences in the methodology 
used to prepare these glasses, and the indenter load used to measure the hardness, 
although a Vickers’s instrument was used in all studies. In the current study the 
indenter load was 2.9kg while the indenter loads used by Lopez-Esteban et al. (2003) 
and Farooq et al. (2013) were 0.5-1.2kg, and 0.01kg, respectively. It was also evident 
from the Tg and hardness data in this study that QMAT3 conserved the enamel surface 
while removing the residual adhesives, without inducing undesirable surface enamel 
loss (discussed later).  
 
Despite taking into consideration the aforementioned factors, two out of the five 
experimental glasses (QMAT4 and QMAT5) formed a crystalline structure when the 
sodium content was increased to 40 mol% with a commensurate reduction in calcium 
content. The crystalline structure of these glasses (verified by ATR-FTIR and XRD 
techniques) would have consequently affected the ion exchange process between their 
surface and the immersion solution, and their dissolution behaviour (apatite formation), 
as reported in previous studies (Ducheyne et al., 1997; O’Donnell et al., 2009; Brauer 
et al., 2010; Mneimne et al., 2011). Therefore, it was decided to exclude these two 
glasses from further experiments.  
 
7.1.2. Glass bioactivity dissolution studies 
Dissolution studies have been widely used for assessing the bioactivity of glasses and 
their potential ability to form apatite (O’Donnell et al. 2009; Brauer et al. 2010; Mneimne 
et al., 2011; Farooq et al., 2013; Mneimne, 2014; Bingel et al. 2015). These in vitro 
studies involved immersion of bioactive glasses in solutions, such as Tris buffer, 
artificial saliva and simulated body fluid, to assess their potential ability to form apatite 
in vitro prior to any subsequent in vivo studies.  




In the present study, three different solutions were used to examine the behaviour of 
three experimental (QMAT 1, 2 and 3; fluoride-containing glasses), 45S5 and SylcTM 
glasses in vitro. These were: i) Tris buffer solution, which is a simple physiological 
solution mimicking diluted saliva or buffered water, with two different pH levels (7, and 
9, respectively), ii) acetic acid of pH 5, which is an ideal caries-simulating system 
providing the same acidic medium that cariogenic bacteria thrive in and release acid 
by-products inducing enamel demineralisation and WSL formation, and iii) artificial 
saliva of pH 6.5, a solution simulating the composition and pH level of natural saliva, 
which is commonly used to assess the bioactivity of glasses in vitro (Earl et al., 2010a; 
2010b; Mneimne, 2014). 
 
Prior to commencing the glass bioactivity dissolution studies, ATR-FTIR and XRD 
techniques were used to confirm their amorphous nature, and to identify any changes 
in the glass characteristics after reaction with the immersion solution. The immersion 
time intervals and the size of the glass particles used (<38µm) in the dissolution studies 
within the present research were similar to those reported in a number of studies 
(Mneimne et al., 2011; Farooq et al., 2013; Bingel et al., 2015). The decision to 
incorporate a variety of intervals allowed a fair range of immersion time points to be 
used in order to pinpoint when apatite formation commenced and how this varied over 
time, allowing comparison with other published work.  
 
According to the ATR-FTIR, XRD, and pH results, all experimental glasses (QMAT1, 
QMAT2 and QMAT3), after immersion in Tris buffer solution of pH=7, clearly showed 
dramatic changes in comparison to their unreacted versions, particularly in the timing of 
apatite formation. The latter occurred after 6 hours of immersion and was accompanied 
by a sudden rise in the pH level of the reacted Tris buffer solution, followed by a 
gradual increase in pH over the remaining immersion time periods (9 hours and 24 
hours). However, these changes were barely observed at 24 hours for both 45S5 and 
SylcTM glasses, suggesting that experimental glasses (containing fluoride) began to 
degrade early. This pattern could be explained based on Hench’s mechanism of glass 
degradation (dissolution) and apatite formation (Hench, 1991) with the ion exchange 
process, particularly the exchange of sodium cations from the bioactive glass with 
hydrated protons (H+) from the immersion solution, leaving behind residual hydroxyl 
ions (OH-). The loss of protons from the immersion solution resulted in an increase in 




its pH, while the residual hydroxyl ions hydrolysed the Si-O-Si bonds in glasses, 
forming silanol groups Si(OH)4 that later condensed to form a silica-rich gel layer. The 
latter is usually accompanied by leaching of calcium and phosphate from the glass and 
into the immersion solution, followed by the formation of a precipitate on the silica rich 
gel layer, identified as amorphous calcium phosphate, which mineralises later to form 
apatite. In the present study, it is inferred that this ion exchange mechanism was 
achieved for all glasses after immersion in solutions.  
 
The ability of experimental glasses (fluoride-containing QMAT1, 2 and 3) to form apatite 
faster (at 6 hours) than both 45S5 and SylcTM (at 24 hours) after immersion in Tris 
buffer solution of pH=7 were consistent with previous findings (Mneimne et al., 2011, 
Farooq et al., 2013). The glasses in the latter two studies included the addition of 
fluoride (up to 25.54mol% and 3mol%, respectively), reduced silica content (up to 
28.40mol% and 37mol%, respectively) and increased phosphate content (up to 
6.33mol% and 6.1mol%, respectively) with a constant network connectivity (NC=2.08) 
for each, compared to 45S5 glass (silica=46.1mol%, phosphate= 2.6mol%, 
fluoride=zero mol% and NC=2.1). Both studies involved decreased sodium and calcium 
content but only one glass was amorphous in Mneimne et al. (2011), where the sodium 
and calcium contents were similar to 45S5, while all of Farooq et al.’s (2013) glasses 
were amorphous. In the latter, the sodium content was reduced to zero mol% in 
exchange for increased calcium content (53.9mol%). In the present study, the 
strategies used in preparing the experimental glasses were derived from these two 
studies, but the sodium content was increased across the glass series up to 30mol% 
with a commensurate reduction in calcium content up to 23.9mol% to maintain the 
network connectivity at a constant level (2.08). This approach may have led to earlier 
apatite formation than with both 45S5 and SylcTM. 
 
Similar changes (apatite formation with a rise in pH of the immersion solution) were 
also observed for all glasses after immersion in acetic acid of pH=5, but at earlier 
immersion time points (at 3 hours for experimental glasses and at 9 hours for both 
45S5 and SylcTM glasses) compared to those in Tris of pH=7 (at 6 hours for 
experimental glasses and at 24 hours for both 45S5 and SylcTM). This ‘smart’ property 
relates to the high concentration of protons (H+) in acetic acid (pH =5) promoting a rapid 
exchange of protons with the sodium cations from the reacted glass. This was 




accompanied by a decrease in the concentration of protons, an increase in the pH level 
of acetic acid and the early formation of apatite. Conversely, due to the low 
concentration of protons in Tris buffer of pH=9, apatite formation and the rise in pH 
level required prolonged immersion periods, of up to 24 hours for experimental glasses, 
suggesting a gradual ion exchange between sodium cations and the protons in the 
immersion solution. However, no dramatic changes were observed for both 45S5 and 
SylcTM after immersion in Tris buffer of pH=9. Only one previous study has reported the 
effects of various immersion solutions pH on the release of ions and apatite formation 
with Bioglass®(45S5) (Bingel et al., 2015). The findings for both 45S5 and Sylc in the 
present study showed similar trends to those reported by Bingel et al. (2015) but apatite 
formed earlier (after 3 hours in acetic acid of pH=5) in the latter study, while it took 9 
hours in the present study. This discrepancy may relate to the use of potassium 
hydroxide as a buffer to adjust the pH of acetic acid in the present study, while Bingel et 
al. (2015) used sodium hydroxide. It is suggested that the latter study resulted in a 
higher amount of sodium cations in the acetic acid solution prior to reaction with the 
glass, which masked the amount of sodium cations released. Hence, there was a 
higher concentration of sodium cations available for exchange with the protons in the 
solution, which may have accelerated apatite formation.  
 
In the present study, accelerated apatite formation with all glasses was found with 
artificial saliva (as an immersion solution) compared with the other immersion solutions 
(Tris buffer and acetic acid). Specifically, experimental glasses formed apatite in 30 
minutes while both 45S5 and SylcTM glasses required 45 minutes in artificial saliva. This 
may relate to the composition of the artificial saliva, which was supersaturated with 
calcium and phosphate ions. These ions, together with the calcium and phosphate ions 
released from the glasses on immersion, led to the formation of an amorphous calcium 
phosphate layer. This layer mineralised to form crystalline hydroxyapatite/fluorapatite in 
the experimental glasses and crystalline hydroxyapatite in both 45S5 and SylcTM 
glasses in line with reported findings by Mneimne (2014). The latter compared 45S5 
glass and two experimental glasses of similar chemical composition to 45S5, but with 
reduced silica content (from 46.1mol%; 45S5 to 38.5mol% and 35.9mol%, 
respectively), increased phosphate content (from 2.6mol%; 45S5 to 6.3mol% for both), 
and the addition of fluoride (5.0mol%) to one of the glasses. Both experimental glasses 
formed apatite after 30 minutes of immersion in artificial saliva, while 45S5 glass 




produced apatite after 45 minutes. As mentioned earlier, Mneimne et al.’s (2014) 
second glass was comparable to that used in the present study. The chief difference 
between the two glass formulations was related to the increased sodium content (from 
24.4mol%-45S5 to 30mol%), and a commensurate reduction in calcium (from 
26.9mol%-45S5 to 23.9mol%) in the present study.  
 
Although all experimental glasses presented with higher hardness values compared 
with the orthodontic adhesives, the experimental glass, QMAT3 was selected to be the 
most promising novel bioactive glass in the present research as it also presented with 
accelerated apatite formation, and lower hardness than that of sound enamel 
(~3.5GPa) (O’Donnell, 2011) and the commercially-available SylcTM. It was therefore 
assumed that it would remove the residual adhesive safely and effectively without 
damaging the enamel surface. As a consequence, 19F MAS-NMR spectroscopy was 
used to detect the type of apatite formed on this selected glass after 24 hours of 
immersion in Tris buffer solution of pH=7 and after 1 hour of immersion in artificial 
saliva of pH=6.5, respectively. These immersion solutions, pH levels and immersion 
times were similar to those used in analogous studies (Mneimne et al., 2011; Mneimne, 
2014).  The findings of the latter two studies using19F MAS-NMR were in accordance 
with those of the present study confirming fluorapatite formation. It can be assumed 
that the presence of apatite detected after 6 hours in Tris buffer and 30 minutes in 
artificial saliva were also fluorapatite. Identical protocols for preparing the two 
immersion solutions were used in all studies. The formation of fluorapatite from fluoride-
containing glasses (QMAT3) also corresponded with Okazaki and Sato (1990), who 
studied crystal models of hydroxyapatite and fluorapatite using computer graphics. 
They found that fluoride ions combined with the amorphous calcium phosphate layer 
(instead of OH- ions) and suggested that this was due to the fluoride ions being smaller 
than the hydroxyl ions (OH-), and so they readily packed into the apatite lattice to form 
fluorapatite. The latter is chemically more stable than hydroxyapatite and more resistant 
to acid attack, caused by cariogenic bacteria, which may otherwise induce enamel 
demineralisation and WSL formation on the tooth surface (Featherstone, 2000; 
Robinson et al., 2000).  
 




7.3. Studies performed with glass particles between 38µm - 90µm in size  
7.3.7. Glass particle size distribution analysis 
It was necessary to produce a second batch of glasses with a larger particle size 
distribution (D90) for use in the air abrasion studies. Horiguchi et al., (1998) reported 
that a larger mass (particle size) of glass was required to produce a higher kinetic 
energy, which increases the effectiveness of particle removal from the target surface. It 
took a number of attempts to increase the amount of large particles within the glass 
particle size distribution, since the presence of fine particles resulted in clumping and 
stagnation of the glass powder within the nozzle tip of the air abrasion hand-piece, and 
thus hindered the air-abrasion process; the presence of large particles prevented 
agglomeration of the glass powder.  
 
7.3.8. Glass particle shape analysis 
SEM images revealed the morphology of the commercially-available SylcTM glass, 45S5 
and experimental glasses to be very similar in appearance, characterised by sharp, 
angular and irregular particles. These in turn aided in removing residual orthodontic 
adhesives. Similar conclusions were reached by Horiguchi et al. (1998), who also used 
scanning electron microscopy to study the effects of either crushed glass powder 
(angular shape) or glass beads (spherical shape) in the removal of a layer of tissue 
from the target surface. They found that the crushed glass powder removed 
approximately three times more tissue than the glass beads, although both glass 
particles had the same size. These observations suggested that the angular shaped 
particles increased their cutting efficacy. 
 
7.4. Air-abrasion studies performed using the selected novel glass, QMAT 3  
Studies have been published which characterise the efficacy of bioactive glass (45S5) 
in the form of different particle sizes, ranging from 10µm -178µm in diameter, propelled 
via different air-abrasion systems (AbradentTM, HeraeusTM, and Aquacut Velopex TM, as 




described in the Literature Review; section 2.13.2) to cut (remove) sound and carious 
enamel and dentine (Horiguchi et al., 1998; Paolinelis et al., 2008; Banerjee et al., 
2011), removal of residual orthodontic adhesives (Banerjee et al., 2008) and 
remineralisation of WSLs (Milly et al., 2014b; 2015). In the present study QMAT3, of a 
particle size ranging between 38-90µm, was selected to be the most promising novel 
experimental glass for air abrasion studies because of its lower hardness compared to 
enamel and other glasses, and faster apatite (fluorapatite) formation compared to both 
45S5 and SylcTM. The cutting efficiency of SylcTM and QMAT3 experimental glasses 
were assessed by calculating the time required to cut a hole within prepared 
orthodontic adhesive discs using the Velopex Aquacut QuattroTM air-abrasion machine 
to propel them. This air-abrasion system facilitated precise control, providing known 
operating parameters to influence the cutting efficiency with particulate streams, thus 
allowing detection of minor differences that were present between the two glasses; this 
could not be achieved by using other air-abrasion systems.  
 
In the present study, the results clearly showed that there were no significant 
differences between the two glasses when the same operating parameters were used, 
suggesting that QMAT3 is a potential alternative to SylcTM. However, on varying the 
parameters of the machine, such as different air-pressures (40 and 60 psi) and powder 
flow rate dials (1, 3, and 5), the cutting efficiency (cutting time) of each glass was 
increased with a change in the nozzle tip angle from 90° to 45°. The use of a 45° angle 
produced shallow preparations with a larger surface area and required more time to 
reach the base of the hole, while a 90° angle created narrow, deep preparations, which 
resulted in reaching the base of the hole within a short period of time. Similar findings 
were reported by Santos-Pinto et al. (2001), who used a PrepStar air-abrasion system 
(Danville Eng, San Ramon, CA, USA) and aluminium oxide powder (particle size 27µm) 
at two nozzle tip angles (80°and 45° under 80psi air-pressure) for 15 seconds, at an 
operating distance of 2mm, to cut surfaces on 72 of extracted human molars, which 
were assessed using SEM. Furthermore, a significant reduction in the cutting time was 
observed when the air pressure was increased from 40psi to 60psi. This finding agreed 
with those reported by Paolinelis et al., (2009) and Milly et al. (2014a), who found a 
linear relationship between the increased kinetic energy and the increased velocity of 
the glass particles, as a result of the increased propellant pressure. Adjusting the 
powder flow rate from the minimum value (dial 1) to the maximum (dial 5) resulted in a 




reduction in the cutting time with QMAT3, while other parameters were kept constant. 
Similar observations were reported by Paolinelis et al. (2009) using alumina powder 
(particle size 27µm) propelled via an AbradentTM air-abrasion machine (Crystalmark, 
CA, USA) to examine the cutting characteristics under various operating parameters, 
on flat MacorTM sheets of 6mm thickness. This can be explained by the fact that 
increasing powder flow rate resulted in an increase in the number of the glass particles 
coming into contact with the surface, leading to abrade it within a short period of time. 
As such, the importance of controlling the operating setting parameters of the air-
abrasion machine prior to its use is clear.  
 
Although the Velopex Aquacut QuattroTM air-abrasion machine is commercially-
available and permits control of key setting parameters, BA UltimateTM air polisher was 
used further for in vitro studies as it is more suited to the dental clinic. Moreover, no 
significant differences in the powder flow rate were observed between the polisher and 
the machine when the latter was set at a powder flow rate dial 5, as well as between 
the two glasses using the same air-abrasion system, suggesting that any difference 
between the two glasses in subsequent experiments related primarily to the properties 
of the propelled glass itself rather than to the physics of the air-abrasion system.   
 
7.4.  Experiments performed using the selected novel glass, QMAT 3   
7.4.1. Orthodontic adhesive removal  
Extracted human premolar teeth were used instead of bovine teeth due to the structural 
differences between them, such as thicker crystallites, lower fluoride concentration and 
increased enamel porosity in the latter. In addition, they are not subjected to the same 
genetic as well as environmental and dietary factors as human material and, as such, 
will behave differently in a physical and chemical manner (Melberg, 1992; Laurance-
Young et al., 2011). Moreover, Yassen et al. (2011) indicated that inconsistent data are 
available in relation to the use of bovine teeth as an alternative to human teeth in in 
vitro research, and the differences in the morphological structures, physical properties 
and chemical compositions between them should not be overlooked.   




It has previously been reported that the use of TC burs increased enamel roughness 
compared to composite burs (Karan et al., 2010), white stone (Mohebi et al., 2017), 
stainburster burs (Erdur et al., 2016) and a bespoke adhesive residue remover 
(Jaiszewska-Olszowska et al., 2015). These authors compared their results with atomic 
force microscopy, profilometer, and 3D scanning using blue-light technology. In the 
present study, the profilometer data revealed that the use of the TC bur increased 
enamel surface roughness regardless of the type of adhesive used. SylcTM-air-abrasion 
also produced an increase in the enamel roughness to some extent. These findings are 
in agreement with those of Banerjee et al. (2008), who demonstrated that removal of 
residual adhesive resin (UniteTM) using alumina air-abrasion caused more enamel loss 
(0.039 mm3), followed by the TC bur (0.285 mm3) and finally 45S5 air-abrasion (0.135 
mm3) using an AbradentTM (Crystalmark, CA, USA) air-abrasion machine. In the 
present study, the novel experimental glass (QMAT3) induced less enamel roughness 
compared with the TC bur and SylcTM-air-abrasion, irrespective of the adhesive material 
used, a finding which was corroborated using SEM imaging. This finding relates to the 
lower hardness value of QMAT3 which approximates but does not exceed that of the 
enamel surface. Therefore, this glass powder was less likely to roughen the enamel 
surface, mitigating the associated risk of plaque accumulation and caries formation. 
Furthermore, the handling technique used in this study was similar to that used by 
Paolinelis et al. (2009), who confirmed that using the aforementioned operating 
parameters increased the cutting efficiency of the air-abrasion technique. 
Consequently, using accepted clinical handling parameters it appears that QMAT3 
novel glass powder may be capable of selective removal of orthodontic adhesives 
without inducing deleterious abrasion of the enamel surface, although quantification of 
the volume of loss was not undertaken.  
 
Enamel surface roughness measurements were not affected by polishing subsequent 
to each clean-up method with either adhesive. Polishing of the enamel surface does not 
appear to penetrate the grooves and pits produced by the clean-up, particularly with the 
tungsten-carbide bur in the present study. Similarly, previous studies reported that 
polishing (by pumicing using a rubber cup with non-fluoridated pumice for a period 
ranging from 10 to 30 seconds, and similar to the methodology used in the present 
study for 20 seconds) had no effect on the enamel roughness induced by adhesive 




removal using profilometer and scanning electron microscope (Roush et al., 1977; 
Gwinnett and Gorelick, 1997; Vieira et al., 1993; Ahrari et al., 2013).  
  
Further laboratory research in relation to the cutting efficiency of this approach is 
required prior to clinical application, although preliminary data suggests comparable 
levels of efficiency to other bioactive glass formulations. Although a significant 
difference was recorded for the hardness of both adhesives (Transbond XTTM, 
~0.52GPa; Fuji Ortho LCTM, ~0.37GPa), glass-air abrasion, with both Sylc and QMAT3, 
resulted in removing both adhesives, since their hardness values were much higher 
(Sylc=4.63GPa and QMAT3=3.43GPa). Additionally, adhesive removal took 
approximately half the time with the TC bur. This discrepancy might relate to the 
aggressive cutting associated with sharp cutting blades of TC bur while bioactive glass 
propulsion works by means of abrasion Similar conclusions were reached by both 
Karan et al. (2010) and Mohebi et al. (2016), who reported that TC burs removed 
adhesive remnants faster than composite bur and white stone, respectively.  
 
It is important to emphasise that the present research is limited by its ex vivo nature; as 
such, replication within an in vivo situation is required. In addition, teeth were stored in 
deionised water rather than undergoing a simulated artificial aging process involving 
thermo-mechanical cycling; the latter approach may have been more clinically 
representative, although use of water storage remains an accepted approach (Amaral 
et al., 2007). 
 
7.4.2. White spot lesion (WSL) remineralisation 
Artificial WSLs were induced in human premolars instead of using teeth with natural 
WSLs, since the latter vary widely in shape, size and mineral content, which may in turn 
influence the outcome of the remineralisation studies (Silverstone et al., 1981; Huang et 
al., 2007; Cochrane et al., 2012). Therefore, artificial WSLs were induced in vitro for the 
remineralisation part of the study to avoid biological variations that may affect the 
pattern and efficacy of the remineralisation treatment. The bi-layer demineralisation 
protocol used in this study, which involved the application of a methyl cellulose gel layer 
on the tooth surface, to slow the penetration of lactic acid (where the former layer 
buffered the effect of the acid) for 14 days at 37°C, created a subsurface carious lesion 




with an intact outer surface and an average depth of 70-100µm. These features were in 
line with a protocol used in two in vitro studies (Lynch et al., 2007; Magalhaes et al., 
2009), which reported that the features of the lesions induced by bi-layer 
demineralisation approximated to those of natural lesions. They used transverse 
microradiography utilising a computerised image-analysis system to measure the 
mineral content profiles in different types of artificially-induced lesions. 
 
Kang et al. (2012) found that the porous demineralised surfaces of enamel had high 
intensity light backscattering values due to the increased number and size of pores 
compared with those of sound enamel using OCT. Conversely, the light associated with 
both sound and remineralised enamel surfaces is scattered from well-ordered prism 
(rod) structures resulting in less time for the light to travel within the enamel structure of 
extracted human teeth and leading to low intensity values (Jones and Fried, 2006; Milly 
et al., 2014b; Milly et al., 2015). The OCT findings in the present study were in 
accordance with the aforementioned studies. After glass propulsion and immersion in 
artificial saliva, it was clear that the QMAT3-air-abrasion group presented with lower 
light intensity backscattering values on remineralised enamel surfaces compared with 
those obtained for the SylcTM -air-abrasion and control (untreated) groups. This may be 
due to evenly distributed and profusely scattered QMAT3 glass particles forming a new 
mineral layer on enamel that fully covered the porous lesion, as observed in SEM 
images, while the particles of SylcTM glass diffused unevenly on the remineralised 
enamel surfaces. The high intensity light backscattering values obtained for the control 
group reflect the low potential for remineralisation associated with artificial saliva and 
therefore a lack of remineralisation. 
 
The current profilometer findings showed that after propulsion of SylcTM via air-
abrasion, enamel surface roughness increased compared to sound enamel. This may 
relate to the hardness of this glass (4.6GPa), which was higher than that of enamel 
(3.5GPa), thus leading to abrasion of the enamel surface. Conversely, due to the lower 
hardness of QMAT3 (3.4GPa; approximating but not exceeding that of the enamel 
surface), the surface roughness of previously demineralised enamel was significantly 
reduced after propulsion and found to be similar to that of sound enamel. These 
findings were in accordance with Milly et al. (2014; 2015). The authors used 45S5 
powder in the form of a slurry and paste (mixed with polyacrylic acid) for 21 days 




(applied twice daily for 5 minutes) to enhance remineralisation of demineralised human 
enamel surfaces, either with or without adjunctive pre-conditioning (using air-abrasion 
with the same glass). The protocol used in the present study was simpler, less time-
consuming and therefore potentially of greater clinical appeal.   
 
The Knoop hardness number (KHN) values of sound enamel obtained in the present 
study (338-351 KHN) were in accordance with previous studies ranging from 270-350 
KHN (Meredith et al. 1996), 322-353 KHN (Lupi-Pegurier et al., 2003) and 314-361 
KHN (Jennett et al., 1994). These variations may be attributed to factors such as the 
chemical composition and histological features of the enamel surface, enamel sample 
preparation, the tested site on the enamel, load applied and reading error in respect of 
long-axis indentation length. After demineralisation, the KHN values were lower than 
their corresponding sound surfaces. Davidson et al. (1974) also demonstrated that the 
KHN values of demineralised enamel surfaces was 50% less than with sound surfaces. 
They suggested that the decrease in KHN value was associated with a decrease in the 
concentration of calcium after acid attack. After glass propulsion and immersion in 
artificial saliva to induce remineralisation, an increase in the enamel microhardness 
was observed, suggesting an increase in the mineral content, particularly after using 
QMAT3. These findings agree with Milly et al. (2015), who reported increased KHN 
values after applying 45S5 powder in the form of a slurry or a paste (for 21 days) to the 
pre-conditioning surface. In the current study, 24 hours of immersion in artificial saliva 
was sufficient to observe an increase in KHN values of human enamel surfaces 
remineralised after glass prolusion via air-abrasion.  
 
The surface characteristics of sound and demineralized enamel (via SEM) were similar 
to those reported in the literature (Dong et al., 2011; Ferrazzano et al., 2011; Jayarajan, 
2011; Gjorgieyska et al., 2013; Milly et al., 2015). After glass (QMAT3) propulsion and 
immersion in artificial saliva to induce remineralisation, SEM images showed mineral 
precipitations completely covering the enamel surface suggesting that the bioactive 
glass particles were embedded in the treated enamel surface and effectively led to its 
remineralisation. This occurred despite the teeth samples being rinsed with deionised 
water, dried for 48h at room temperature and sputter-coated prior to imaging. These 
precipitations presented as dumbbell-like crystallites aggregated as a bunch of flowers; 
similar effects have also been reported in a number of studies where bioactive glass 




(45S5) was either applied as a paste or slurry (Pulido et al., 2012; Gjorgieyska et al., 
2013; Bakry et al., 2014a; Bakry et al., 2014b; Milly et al., 2014; Narayana et al., 2014; 
Milly et al., 2015).  However, these precipitations only partially filled the pores in the 
enamel surfaces propelled with SylcTM indicating that partial enamel remineralisation 
occurred.  
 
The findings from the EDX spectra in the present study supported the appearance of 
the SEM images, with the presence of an additional peak of silicon (Si) after propelling 
SylcTM glass, and the presence of two additional peaks, for silicon (Si) and fluoride (F), 
after propelling QMAT3 glass. These peaks confirmed the incorporation of the glass 
particles within the enamel surface, which was not detected prior to propulsion of these 
glasses. This implies that the embedded particles were apatite-like structures of 
reacted bioactive glass particles and did not simply represent deposits of non-reacted 
bioactive glass particles. The additional Si peak was an indication of the formation of 
silica gel layer, while two additional peaks for Si and F, after propelling experimental 
glass (QMAT3) suggest the formation of silica gel layer and fluorapatite.  
 
Hence, the findings of OCT, non-contact profilometer, Knoop hardness testing, SEM, 
and EDX were consistent in suggesting the remineralisation of WSLs after QMAT3-air-
abrasion followed by immersion in artificial saliva for 24 hours. These five techniques 
provided a more comprehensive perspective on the overall performance of QMAT3 
glass for WSL remineralisation in comparison with the commercially-available SylcTM 
propelled via air-abrasion. The surface characteristics of sound (baseline) and 
remineralised enamel with QMAT3 surfaces were comparable. These included lower 
intensity light backscattering values (detected by OCT), lower surface roughness 
values (by non-contact profilometer) and higher Knoop hardness values compared to 
those corresponding to demineralised surfaces.  
 
19F MAS-NMR spectroscopy confirmed the presence of fluorapatite in remineralised 
enamel blocks after QMAT3-air-abrasion followed by immersion in artificial saliva for 24 
hours. This type of apatite was not detected in sound or demineralised enamel, or 
enamel remineralised either by artificial saliva only, or remineralised with SylcTM glass. 
This confirmed that the mineral deposits observed with SEM after propelling QMAT3 
were fluorapatite. Similar findings using 19F MAS-NMR were obtained by Mohammed et 




al. (2013), who studied the effect of immersion, on demineralised enamel blocks, in a 
remineralising solution (0.1 M acetic acid buffered with NaOH to pH=4) containing NaF 
of different concentrations. The authors found that fluorapatite was formed on these 
blocks after immersion (solution containing 11 ppm fluoride) for 96 hours, at 37ºC. Hill 
et al. (2015) also detected the formation of fluorapatite by19F MAS-NMR on 
demineralised enamel blocks after immersion for 96 hours at 37ºC in a remineralising 
solution (0.1 M acetic acid of pH=4) containing either a commercial mouthwash or a 
toothpaste (Ultradex®, Perioducts Ltd, Ruslip HA4 6SA, UK; diluted to 10%). Both 
products contained nano hydroxyapatite powder (5%, 7.5%, respectively) and fluoride 
in the form of sodium mono fluorophosphate (600 ppm and 1000 ppm, respectively). 
Compared to the studies described above, fluorapatite formed earlier in the current 
study (at 24 hours; end-point of the experiment). It can be also assumed that it may 
have actually begun to form prior to 24 hours, since the glass dissolution studies 
verified apatite presence at 6 hours in Tris buffer and 30 minutes in artificial saliva.  
 
All experimental glasses with increased sodium and phosphate contents, decreased 
silica content and a constant level of fluoride, particularly QMAT3, performed 
exceptionally well compared with 45S5 and SylcTM. The chemical composition of these 
experimental glasses increased their dissolution rates and subsequently invoked rapid 
apatite formation in all immersion solutions. The high sodium content reduced the 
hardness of QMAT3 avoiding enamel damage on removing residual orthodontic 
adhesive. Finally, the presence of a constant level of fluoride prevented the formation of 
unwanted fluorite, but instead, fluorapatite was formed, denoting a very positive finding. 
This is particularly beneficial since fluorapatite is more chemically stable than 
hydroxyapatite and has more resistance to acid attack associated with cariogenic 
bacteria, which might otherwise trigger enamel demineralisation and WSL formation 
(Featherstone, 2000; Robinson et al.; 2000).  




8. CONCLUSIONS AND FUTURE WORK 
8.1. CONCLUSIONS 
• Based on 11 in vitro studies in a systematic review, it appears that bioactive 
glasses may be capable of promoting enamel remineralisation in various 
formulations, compared with other topical remineralising materials including 
fluoride and CPP-ACP. However, further clinical research to confirm their 
effectiveness is now overdue.  
• A bioactive glass (45S5) mirroring the formula of the commercially-available 
45S5 glass (SylcTM) was developed with similar properties and behaviour. 
Specifically, three amorphous experimental glasses had similar particle size 
distributions and shape to both the laboratory-prepared 45S5 glass and SylcTM. 
• The bioactivity of these amorphous experimental glasses was proven by 
accelerated apatite formation after immersion in solutions of varying pH (6 hours 
in Tris buffer of pH 7, 3 hours in acetic acid of pH 5 and 30 minutes in artificial 
saliva of pH 6.5) relative both to SylcTM and 45S5 (24 hours, 9 hours, 45 minutes, 
respectively).  
• The most promising novel experimental glass (QMAT3) had a glass transition 
temperature (355ºC) lower than experimental QMAT1 and 2, laboratory-prepared 
45S5 and SylcTM (530ºC). Its hardness was also lower than experimental 
QMAT1 and 2, 45S5 and SylcTM, but higher than orthodontic adhesives and 
comparable to that of enamel. 
• The cutting efficiency and powder flow rate of both SylcTM and QMAT3 were 
similar using the same air-abrasion system and settings. Moreover, the use of 
various settings and operating parameters during use with the air-abrasion 
machine affected the cutting efficiency of both SylcTM and the QMAT3 in a similar 
manner. 
• QMAT3-air-abrasion was capable of selectively removing residual orthodontic 
adhesives without inducing enamel damage, compared with SylcTM-air-abrasion 
and the tungsten-carbide bur. It therefore shows promise as a viable alternative 
to the most common rotary method (TC bur) for removal of adhesive. However, 




QMAT3-air-abrasion took approximately twice the time to remove adhesive 
remnants compared with the TC bur. As such, further laboratory research is 
required to improve the cutting efficiency of this glass prior to its clinical 
application.  
• QMAT3 was capable of enhancing enamel remineralisation more effectively than 
SylcTM suggesting its potential utility in promoting enamel remineralisation in 
vivo, particularly as it formed fluorapatite when coming into contact with solutions 
simulating the physiological solution.  
• Fluorapatite was formed on human enamel by QMAT3. This is particularly 
beneficial as fluorapatite is more chemically stable and more resistant to acid 
attack compared to hydroxyapatite formed by both SylcTM and 45S5. Therefore, 
this formation of fluorapatite was a positive and encouraging finding. 
• Overall, a novel glass (QMAT3) with comparable, if not superior, bench 
properties to SylcTM has been developed. This experimental work shows promise 
in the area of adhesive removal after orthodontic bracket debonding and, 
according to SEM evidence, remineralisation of artificially introduced WSL on 
enamel surfaces under laboratory conditions.  
 
8.2. FUTURE WORK 
• QMAT3-air-abrasion took approximately twice the time to remove adhesive 
remnants compared with the TC bur. Therefore, evaluation of glasses with 
similar chemical composition to the most promising glass (QMAT3), but with 
different ranges of particle size should be undertaken. This will allow evaluation 
and further improvement of cutting efficiency in the removal of residual 
orthodontic adhesives. 
 
• To study the remineralisation potential of QMAT3 on artificial WSLs of different 
lesion depths, induced by different demineralisation protocols.   
 
• To study the remineralising potential of QMAT3 on natural WSLs and on carious 
dentine (natural/artificial). 




• It would be useful to study the potential ability of QMAT3 as a polishing powder 
for enamel surface to remove staining. 
 
• To design a series of bioactive glasses incorporating strontium and fluoride 
(strontium will be exchanged for calcium). Strontium has bacteriostatic effects 
(Liu et al., 2016). Furthermore, it has a high molar mass compared with calcium; 
this will result in the formation of glasses with lower hardness and higher kinetic 
energy, thus potentially improving their cutting efficiency.  
 
• To undertake a clinical trial assessing the cutting efficiency of QMAT3 in 
removing residual orthodontic adhesives and to allow evaluation of the 
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Appendix 5.  
 
Figure 10.1. The frequency distribution curve for SylcTMbatch of particle size ranging between ranging between 38µm-90µm 




Figure 10.2. The frequency distribution curve for QMAT3 batch of particle size ranging between ranging between 38µm-






Figure 10.3. The frequency distribution curve for SylcTM batch of particle size <38µm 
 







Figure 10.4.  The frequency distribution curve for QMAT3 batch of particle size <38µm 
